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SUMMARY
Human enteric viruses are normally present in natural waters 
in low numbers and therefore sensitive techniques are required for th e ir  
isolation. In this study two techniques were investigated, one quantita­
tiv e , alginate u ltra f ilt ra t io n , and the other q u a lita tive , the mussel 
Dreissena polymorpha.
In the f i r s t  part of the study the alginate technique was investi­
gated in the laboratory and in the f ie ld . In the laboratory the influence 
of parameters affecting the efficiency of the membrane fo r concentrating 
virus was investigated as well as factors which influenced the recovery 
of virus from the membrane. The alginate method was found to be 
reasonably reproducible over a wide range of parameters such as tempera­
ture, in it ia l  virus concentration and type of enterovirus but was 
sensitive to pH above pH8 and an optimum volume of sodium c itra te  was 
c ritic a l for maximum recovery of the virus. A significant amount of 
the virus was never recovered and attempts to trace this fa ile d . The 
application of alginate f i l t ra t io n  to the recovery of virus from samples 
of sewage effluent and river water indicated that the method was very 
sensitive as i t  was possible to detect less than 1PFU/L.
In the second part of the study the mussel D. polymorpha was tested 
for its  capacity to concentrate viruses in the laboratory and in the 
f ie ld . Factors which influenced the concentration efficiency included 
temperature and the type of tu rb id ity  (organic or inorganic) present in 
the water. In the majority of experiments the mussel concentrated the 
virus to a level ten times that in the water but unfortunately this was 
insuffic ient for the detection of virus in the natural samples of rive r  
water.
Both concentration techniques were discussed in relation to 
each other, to other concentration techniques and to the type of water 
from which viruses are to be isolated.
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INTRODUCTION
I . Historical
I t  is probable that whenever significant urban populations 
have developed people have been made aware of the need for good 
quality water supplies. Indeed, i t  has long been recognised that 
water can be injurious to health and the earlies t recorded evidence 
of this is implied in a Sanskrit writing of two thousand BC which 
states ‘ I t  is directed to heat foul water by boiling and exposing 
to sunlight and by dipping seven times into i t  a piece of hot copper 
then to f i l t e r  and to cool in an earthen vessel. ' (Baker, 1949).
This statement is remarkable in that i t  shows a sophisticated 
appreciation of water purification because boiling w ill d is in fect, 
copper w ill prevent aftergrowth and f ilte r in g  w ill remove particulate  
matter.
Another significant comment comes from Hippocrates, who, in 
his essay 'On airs waters and places', advised travellers  on entering 
a new town to 'consider most attentively the waters which the inhabit­
ants drink, whether they are marshy and so ft, or hard and running from 
an elevated and rocky situation and then i f  salty and u n fit fo r cooking1 
(Melnick, 1971). Later, the application by the Romans of th e ir remark­
able engineering s k ills  to the collection and distribution of potable 
water and its  separation from the sewerage system implies a sensitive 
regard of the need for unpolluted water. However there is re la tiv e ly  
l i t t l e  evidence of such sensitiv ity  in Europe in the post Roman and 
Medieval period and i t  was not until the dramatic a lteration  in the 
extent and nature of urban populations in the nineteenth century that 
people were again made aware of the association between disease and 
water supplies.
In London some water came from artesian wells but most of i t  
was derived from the Thames and this became heavily contaminated during 
the nineteenth century because hydrants were installed to flush the 
domestic refuse from the street gutters into sewers and thence to the 
rivers. At that time i t  was thought that disease was associated with 
foul a ir  but i t  was soon noticed that the pattern of epidemic disease 
was dramatically altered and an a rtic le  in Engineering (1866) noted that 
'When rivers were pure the plague, black death and sweating sickness 
prevailed now we have cholera, typhus and other forms of fe v e r '. Cholera, 
in particu lar, had already attracted the attention of observers and i t  
was the f i r s t  disease for which accurate documentation was obtained and 
i t  was f in a lly  established, and subsequently reported by Snow (1855), 
that m ortality from the disease was d irectly  correlated with the quality  
of water supplied to the c ity  by the various municipal water companies. 
Snow noted that in 1849 the death rates had been highest in those areas 
served by the Southwark and Vauxhall Water Company as well as the Lambeth 
Water Company. Five years la te r , in 1854, the number of deaths in the 
area supplied by the Southwark and Vauxhall Water Company was even 
greater whereas a substantial reduction had occurred in the number of 
deaths in the Lambeth Water Company area (Table 1 ). The only difference 
which might account fo r the change was that the Lambeth Water Company 
had moved its  source of supply to higher reaches of the Thames above,
Snow supposed, the greatest source of contamination.
From these figures he also concluded that the frequency of cholera 
in various parts of London was probably related more to the source of 
the water supply than the socio-economic standing of the inhabitants. 
Support for this idea was obtained when he examined the incidence of 
cholera in those areas where the Southwark and Vauxhall Company competed 
for custom in the same d is tr ic t as the Lambeth water company (Table 2 ).
Table 1
Number of deaths attributable to cholera and related  
to the water supply companies
D istricts with water 
supplied by
Deaths attributable  
to cholera in 
1849 1854
Death rate 
per 1000
Southwark and Vauxhall 2261 2438 5.0
Lambeth 162 37 0.9
Both companies 3905 2457 '
..... .. ,.J
2.2
Table 2
M ortality from cholera in London July 8th to 
August 26th 1854 related to the source of 
individual water supply in three groups of d is tr ic ts .
D is tric t with 
water supplied 
by
Supply to 
individual 
households
Population
1851
Deaths
from
cholera
Deaths
per
1000
Southwark and 
Vauxhall
Southwark and 
Vauxhall 167,654 738 4.4
Lambeth Lambeth 19,183 4 0.2
Both Southwark and 
Vauxhall 98,762 419 4.2
Lambeth 154,615 80 0.5
Rest of London - 1,921,972 1,422 0.7
In these circumstances households taking Lambeth water were much less 
at risk than those using Southwark and Vauxhall water, even though the 
d is tr ic t was one in which cholera was rampant. Furthermore, his figures 
showed that the Southwark and Vauxhall water provided by fa r  the 
greatest hazard in the whole London area, whereas Lambeth water was 
probably less contaminated than any.
This work by Snow, together with studies by Budd (1873) on the 
epidemiology of typhoid in the metropolis between 1856 and 1860, forced 
the Public Health Authorities to consider the need for microbiological 
analysis of potable water and the report by the Royal Commission on the 
Water Supply to the Metropolis (1893) stated 'that i t  had been a 
generally accepted doctrine among sanitarians that the question of 
whether a given water was f i t  for human consumption could be determined 
from chemical analyses as to the proportion i t  contained of organic 
matter. However, this position became untenable as soon as i t  was 
realised that wholesomeness depended not on the quantity but on the 
quality of the organic, m atter'.
I t  became practicable to detect the microbial contamination of 
water with the introduction of the gelatin plate culture (Frankland, 
1886), but the medium proved unsatisfactory because i t  did not d i f fe r ­
entiate between the normal water flo ra  and the pathogens which might 
contaminate i t .  Furthermore, because of the wide range of potential 
pathogens (a contemporary l i s t  is provided in Table 3) the concept of 
selecting a suitable indicator organism was developed and the enteric  
commensal Bacillus coli (subsequently renamed Esherichia coli) was 
recommended by Klein and Houston (1899) and has been used fo r th is  
purpose ever since. The bacterium which is a normal mid-gut inhabitant 
excreted in the faeces in large numbers (about 108 viable units per 
gramme) does not readily multiply outside the body, therefore its
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presence in water is a direct indication of recent faecal contamination 
and in a recent report (Min. of Health Rep. 71) the coliform test has 
been set up as the standard fo r potable water purity. However, i t  is 
only re liab le  insofar as i t  can be conclusively demonstrated that the 
resistance of the indicator to sewage and water treatment and to 
natural inactivation is at least as great as that of any faecally  
excreted pathogen which has been known for some time to include viruses.
The concept of viruses as agents of infectious disease was f i r s t  
established by Iwanovski (1892) when he demonstrated that there was an 
infectious agent responsible for tobacco mosaic which was capable of 
passing through a bacterial f i l t e r .  In the b rie f period from 1898-1917 
plant viruses (Beijerink, 1898), animal viruses (Loeffler and Frosch, 
1898), human viruses (Reed, 1902), tumour viruses (Rous, 1911) and 
bacterial viruses (d 'Herelle, 1917) were a ll discovered but the re la tiv e ly  
prim itive techniques which were then available for the ir study were 
unsuitable fo r the examination of material from such environments as 
polluted water.
The characterization of this type of pollution only became 
possible with the development of sensitive laboratory assay systems 
such as chick-embryo (Woodruff and Goodpasture, 1931) and cell cultures 
(Enders et al . 3 1949) and the f i r s t  iso lation of viruses from sewage by 
Levaditti (1940) and Paul et at. (1940) stimulated active in terest in 
the possib ility  of the transmission of v ira l disease by water. Since 
that time over one hundred human enteric viruses have been isolated, 
many of them from water and sewage effluent (Table 4).
I I .  Evidence for the transmission of virus diseases
(a) Water
The possibility  that animal and plant viruses were transmitted
Table 4
Human enteric viruses associated with water and th e ir diseases
Virus sub-group 
Poliovirus
Coxsackievirus 
group A
group B 
Echovirus
Infectious hepatitis  
Reovirus
Adenovirus
o. of types Disease
3 paralytic poliom yelitis,
aseptic mengingitis.
24 herpangina, aseptic meningitis,
paralysis.
6 pleurodynia (Bornholm's disease)
aseptic meningitis, 
acute in fa n tile  myocarditis
30 aseptic meningitis,
rash and fever, 
diarrhoea! disease, 
respiratory illness
1 (?) infectious hepatitis
3 fever, respiratory in fection ,
diarrhoea.
30 respiratory and eye infections
Taken from: Grabow, 1968
by the water route has been discussed by Prier and Riley (1967), Si gel
(1967), Maramorosch (1967) and Malherbe et dl. (1967), but evidence for 
the transmission of virus diseases in drinking water is based 
principally on epidemiological data. This is mainly because i t  is 
d if f ic u lt  to isolate viruses from contaminated water and also tjjat many 
potential candidate viruses frequently cause only t r iv ia l  infections. 
However, there is some evidence that poliomyelitis has been transmitted 
by potable waters and outbreaks have been attributed to this route 
(Mosley, 1967). A severe epidemic occurred in Huskerville which is a 
community of University of Nebraska students and th e ir fam ilies  
(Bancroft et al.3 1957). Sixteen of the seventeen paralysis cases 
occurred in two and a half rows of the barrack-like building. The 
to ile ts  in these buildings had flushing valves which were supposed to 
contain vacuum breakers, which prevented back syphonage, but in th irteen  
of these to ile ts  they were missing and twelve of the to ile ts  were used 
by people in which there was a high incidence of poliom yelitis . Further­
more, there were several occasions during this period when low or 
negative pressures were registered in the water mains and i t  is possible 
to assume that the water supply was contaminated by a back syphonage 
from the to ile ts  in which the vacuum breakers were missing.
Another outbreak of poliom yelitis, in Edmonton, A lberta, was 
described by L it t le  (1954), who concluded that i t  was water-borne in 
its  inception. The town of Edmonton derived its  water from the North 
Saskatchewan rive r and th irty  kilometers upstream of Edmonton lay the 
small town of Devon, the sewage from which was treated by se ttlin g  and 
chlorination prior to discharge into the r iv e r. In th is town, during 
September 1953 there were two c lin ica l and ten suspected cases of 
poliomyelitis and in November, a fte r the chlorination system of the 
Devon sewage works had broken down, there was a sudden outbreak of
poliomyelitis in Edmonton which implied an explosive outbreak due to 
water-borne infection rather than the normal person to person contact.
Poliomyelitis infections have also occurred in India and i t  was 
of interest that these were apparently concurrent with incidents of 
infectious hepatitis (Chang, 1968). For instance, in the autumn and winter 
1965-1966 over f i f t y  suspected cases of c lin ica l poliom yelitis , o f which 
ten were confirmed, were noted in Dhalavoipuran, which had a population 
of nearly 8,000 (Balasubramian, 1967). Taking the evidence of Spicer 
(1961), in which every case of c lin ica l poliomyelitis is supposed to 
represent approximately 140 symptomless cases, the frequency of cases 
in Dhalavoipuran (17/1000) was equivalent to the levels of infectious 
hepatitis in New Delhi (20/1000, Mel nick, 1971). Examination of the 
water supply to Dhalvoipuran showed that i t  was subjected to massive 
faecal contamination during the monsoon period in October and Chang 
(1968) concluded that the poliomyelitis outbreaks were wholly water­
borne in th e ir  inception.
Infectious hepatitis has also been shown to be transmitted in 
the drinking water and at least f i f t y  incidents have been recorded 
(Mosley, 1967). The e a rlies t recorded outbreak o f suspected water-borne 
infectious hepatitis was described by Plowright in 1896. He suggested 
that the disease was water-borne because of certain seasonal factors 
together with the frequency with which jaundice occurred in people who 
abstained from alchohol. However, Mosley (1967) considered that due 
to the non-explosive nature of the epidemic, person to person spread 
was a more lik e ly  interpretation of Plowright's observations.
Gavan and Nutt (1970) studied an outbreak of hepatitis in an 
American m ilita ry  establishment in France which affected the m ilita ry  
personnel as well as the French v is ito rs . The peak incidence of cases 
occurred in the middle of November 1966 and they estimated that infection
probably occurred in early October because the incubation period is 
six weeks and they subsequently found that at that time there was a 
fa ilu re  in the chlorination treatment of the water plant.
The largest single epidemic of infectious hepatitis occurred 
in New Delhi in 1955-1956 (Visnawathan, 1957) when 29,300 cases were 
reported. The epidemic resulted from sewage effluent being taken 
directly  into the Chandrawal treatment plants. The treatment at 
these plants consisted of alum coagulation, rapid sand f i l t r a t io n  and 
chlorination plus ammonia to produce a combined residual (chloramine).
I t  was suggested that the chlorine dose was the c r it ic a l feature and 
since there were no concurrent epidemics of either dysentery or typhoid 
this was evidently su ffic ien t to k i l l  pathogenic bacteria but in su ffic ien t 
to k i l l  the agent of infectious hepatitis . Unfortunately, data on 
routine bacteriological sampling of the New Delhi water supply was not 
available for the period of the epidemic so no conclusion can be drawn 
as to whether infectious hepatitis agent and bacterial pathogens d iffe r  
in the ir sen s itiv ities  to treatment.
(b) Shellfish
Another aspect of disease transmission via water is  the consumption 
of food that has been grown in polluted water and by fa r  the most 
important food source, in this context, is the molluscan sh e llfish .
That shellfish  are important in the transmission of virus disease 
is due to several factors. For instance, the popular edible sh e llfish , 
oysters, clams and mussels, normally favour the reduced s a lin ity  found 
in and near estuaries where the rivers d ilute the sea water and such 
rivers are frequently heavily polluted, especially in the estuarine 
regions. Thus the she llfish , which are f i l t e r  feeders s ift in g  any 
planktonic matter out of the water, are very lik e ly  to remove pollutants 
such as bacteria and viruses. But this would not matter i f  the shellfish
were not preferred raw or only superfic ially  cooked thus any microbial 
contaminant present is unlikely to be inactivated. Furthermore; the 
whole she llfish , including the intestine, is eaten, thus increasing 
to the lim it the probability of ingesting such pollutants as are 
present. There are several documented reports of infectious hepatitis  
being transmitted by the consumption of raw or p a rtia lly  cooked shell­
fish harvested from polluted estuaries (Rindge, 1961; Dismukes et al . 3 
1969; Harrel et at., 1970 and Feingold, 1973) and of the a b ility  of 
various species.to take up virus from experimentally contaminated 
water. Two outbreaks of infectious hepatitis which were attributed  
to the consumption of raw shellfish (Roos, 1956, and Mason and Maclean, 
1962) stimulated two Swedish workers to determine whether or not 
viruses were retained within the oyster (Hedstrom and Lycke, 1964).
They used poliovirus type 3 as a model because no method of t it ra t in g  
infectious hepatitis was then available. They showed that oysters 
placed in virus polluted sea water would become contaminated. Further­
more, when transferred to fresh virus free water the infected oysters 
did not cleanse themselves as rapidly as had been reported fo r bacteria 
(8-10 hours) (Sherwood and Thomson, 1953; Wood, 1955). Indeed, the 
virus was detectable a fte r  six days and from this they concluded that 
oysters could act as passive carriers of the virus.
Another study (Metcalf and S tiles , 1965) on the uptake of 
poliovirus 1 (Chat) and coxsackievirus B3 (Nancy) by the eastern oyster 
(Cvassostrea vivginica) showed that the virus was localised in the 
digestive d iverticu la of the oyster and furthermore that there was no 
indication of virus m ultiplication in the oyster, a finding which was 
confirmed by other workers (Chang et al . 3 1971). Mitchell et al. (1966) 
studied the a b ility  of the oyster C. vivginica to concentrate virus and
bacteria. They demonstrated that poliovirus was concentrated ten to 
sixty times by the oyster in contrast to e . o o H  which was concentrated 
only five to ten times. Hamblet et at . (1969) studied the e ffec t of 
tu rb id ity  on the uptake and elimination of virus (poliovirus type 1) by 
C. virginica and noted that high tu rb id ity  inhibited v ira l uptake but 
had no effect on its  elim ination. Hoff and Becker (1969) tested the 
accumulation and elimination of poliovirus type 1 present in crude 
preparations, including cell debris, and preparations c la rif ie d  by 
centrifugation at ll,700g  for th irty  minutes. They used the. pacific  
oyster (Crassostrea gigas) ,  olympia oyster (Ostrea lurida) and the 
manilla clam (Tapes japonica) and they showed that the concentration 
of virus reflected the quality of the preparation. Thus the crude 
preparation was concentrated 10-900 fo ld , /whereas! the purified virus 
only by a factor of 0 .4 -3 .6 . The nature of the virus preparation did 
not however affect the time taken for the shellfish to cleanse them­
selves. Liu et al. (1966), using poliovirus type 1, demonstrated that 
the concentration factor in the northern quahaug {Mercinaria mercinaria) 
was inversely proportional to the virus concentration in the surrounding 
water and that poliovirus was capable of being adsorbed to the mucus 
material in the pseudofaeces very effec iently . With regard to the 
fact that viruses are retained longer than bacteria by the shellfish  
(Hedstrom and Lycke, 1964) Fries and Thrip (1970) presented evidence 
that endocytosis of v ira l particles by oyster phagocytes took place in 
the stomach and that these phagocytes subsequently migrated to the oyster 
tissues. Another factor examined was the s ta b ility  of the viruses in 
the shellfish tissues in the natural environment. Metcalf and S tiles
(1968) showed that when oysters containing poliovirus were immersed in 
estuarine water below 7°C they retained fu lly  infectious enterovirus fo r  
at least four months. DiGirolamo et al. (1970) studied the e ffe c t of
freezing, stewing, frying, baking, steaming and ch illing  contaminated 
shellfish and observed that none ofv these methods to ta lly  inactivated  
the virus (poliovirus type 1).
I I I .  Concentration of viruses from water
(a) Quantitative methods
To obtain evidence for the transmission of v ira l diseases by 
means other than epidemiological requires highly sensitive methods of 
detecting low numbers of viruses in the water supply system. I t  is 
essential to detect such low numbers of infectious virions because 
Plotkin and Katz (1967) and Katz and Plotkin (1967) have shown that 
under ideal'conditions as few as one TCD^ g of poliovirus can in it ia te  
an infection in a susceptible human host.
Various methods have been described fo r the isolation and 
detection of viruses from water. These include adsorption to cellulose  
ester membranes (C liver, 1965), polyelectrolytes (Wallis et al.* 1971), 
precipi table salts (Wallis and Mel nick, 1967), ultracentrifugation  
(Anderson et al., 1967), u ltra f ilt ra t io n  (Gartner, 1967) and two phase 
separation (Shuval et al.* 1967).
/
(1) Adsorption to cellulose ester membranes
The mechanism of the membrane adsorption technique is related to 
the surface properties of the virion in that under certain specified  
conditions particles w ill adsorb to membranes and by subsequent a lte ra ­
tion of the conditions the particles can be detached and i f  this is done 
in a small volume of eluate a concentration of the particles w ill be 
affected. Many of the factors which affect virus f i l t ra t io n  through 
microporous membranes have been described by C liver (1965) and, in a 
la te r paper, C liver (1968) concluded that uptake of virus in the membrane 
was primarily due to adsorption of the virus to the membrane matrix
surfaces. Virus adsorption was influenced by the chemical composition 
of the membrane, the presence of substances such as serum and the ratio  
of pore diameter to virus diameter. C liver"^l968) also found cellulose 
triacetate membranes excellent in adsorbing viruses even though the 
virus to pore diameter ra tio  was as high as 1:285. Wallis and Melnick 
(1967a) found that adsorption was enhanced by the addition of salts
such as magnesium chloride as well as an adjustment of the solution to
/
pH5 which is close to the iso -e lectric  point of the virus they were 
testing, poliovirus 1. However, they also noticed that the presence 
of organic and proteinaceous substances interfered s ign ifican tly  with 
virus adsorption to the membrane matrices and this was presumably due to 
competition for adsorption sites. The same authors observed that these 
substances which interfered with v ira l adsorption, which they called  
membrane coating compounds, could be removed by passing the sample 
through a resin column (Dowex 1-X8) before membrane f i l t r a t io n .  However 
other investigators in Germany (Borneff, 1970; Schafer, 1970) were 
unsuccessful in removing such membrane coating compounds from natural 
waters with anion-resins and as a result abandoned the use of microporous 
membrane adsorption for detection of viruses. Nevertheless, the method 
has been employed by many workers (Table 5) for isolation o f low levels 
of viruses from a variety of a r t ic i f ic ia l ly  contaminated waters.
(2) Adsorption to polyelectrolytes, precipitable salts and iron oxide
The mechanism of adsorption of viruses to polyelectrolytes, precipitable  
salts and iron oxide is essentially sim ilar to that of membrane adsorption 
in that they rely on the a b ility  of the virion to adsorb to the selected 
adsorbant.
The capacity of viruses to adsorb to selected chemicals has been 
used for concentration and purification of viruses for 40 years (Schwerdt, 
1965). Sabin (1932) concentrated and p a rtia lly  purified poliovirus by 
adsorption to alumina gel C which was subsequently eluted at a high pH. As
Table 5
Recovery of viruses on microporous membranes
Sample type Volume % Recovery Reference
Raw sewage 1.5 US gal. up to TOO Wallis & Mel nick, 1967
Surface water 500 ml. 53-100 Rao & Labzoffski, 1969
Tap water 1 1i tre 26-90 C liver, 1970
Waste water 1 US ga l. 81-100 Moore et at.9 1970
D is tilled  water 25 US gal. 50-75 Berg, 1971
Estuarine water 100 US gal. 56-79 H ill et al,9 1971
Surface water - less than 10 Borneff, 1970
a method of detecting viruses i t  was f i r s t  applied by Wallis and Mel nick 
(1967 ) to sewage samples. They tested 3.8 lit re s  and 204 virus isolates 
were obtained while no virus was detected by direct sampling prior to 
concentration with aluminium hydroxide flo e . England (1970) used a 
modification of Wallis and Mel nick's' technique (1967 ) for the examination 
of sewage effluents and obtained concentration factors of up to 100 fold  
with aluminium hydroxide and up to 300 fold with calcium hydrogen phos­
phate. Rao et al, (1968) examined iron oxide as an adsorbant which was 
packed in columns containing 3.25g iron oxide. They eluted the virus in 
situ9 with beef extract at pH8, and they claimed recoveries of 100 per 
cent. England (1970a) reported that protamine sulphate flocculation  
followed by f i l t ra t io n  through a M illipore p re f ilte r  increased recovery 
of reoviruses and adenoviruses from sewage but was of l i t t l e  use for 
polioviruses, echoviruses and coxsackieviruses.
The concentration of viruses by adsorption onto insoluble cross- 
linked co-polymers of maleic anhydride (polyelectrolyte) was described 
by Johnson et al, (1967) when they reported that these polymers were 
capable of adsorbing more than 99.99 per cent, of poliovirus from aqueous 
suspension. However, virus was eluted with only a 52 per cent, efficiency  
using 1M. sodium chloride. Many other workers have used polyelectrolytes  
to concentrate viruses from water and th e ir results are summarised in 
Table 6.
(3) Two phase separation method
Concentration by the two phase separation process employs liq u id - 
liquid partitioning with the virus being selectively adsorbed onto one 
phase. This result is achieved by dissolving two d ifferen t polymers such 
as polyethylene glycol and dextran sulphate (Albertsson, 1958) and i t  
was f i r s t  applied to virus purification and concentration by Phillopson 
et al, (1960). Shuval et al, (1967) described the application of the

method to concentrating viruses from water and they obtained recoveries 
ranging from 37-98 per cent. Refining the system, Shuval et al. (1969) 
obtained recoveries in the range 35 to over 100 per cent, from water 
and 62-100 per cent, from experimentally seeded sewage e fflu en t. Lund 
and Hedstrom (1966) also found the method useful for recovery of viruses 
from sewage. However, Grindrod and Oliver (1959) noticed that sodium 
dextran sulphate was inhibitory to coxsackieviruses A9 and B2 and 
echovirus 1, though not to poliovirus 1. Also Liu (1971) observed that 
i t  was necessary to vary the optimal concentration of the polyethylene 
glycol and sodium chloride in relation to the virus being studied.
Later, Nupen (1970) recovered 40 per cent, virus from seeded sewage 
using a modification of the method described by Shuval et al. (1969).
The relative  effectiveness of these methods is summarised in Table 7.
(4) Alginate u ltra f ilt ra t io n
The mechanism of the alginate u lt ra f i l te r  concentration procedure 
has not yet been precisely explained but is thought to involve simple 
physical retention (H ill et al., 1971). Gartner (1967) describes the 
membrane as being composed of two d istinct layers with virus retention  
taking place at the interface. The membrane was developed by Schyma 
(1960) from studies into carbohydrate gel membranes by Theile and 
Schyma in 1953. The use of the membrane for isolation of viruses was 
f i r s t  described by Gartner and Schnubrien (1964) and W itt (1964). They 
pointed out that an attractive  feature of the alginate method was that 
the membrane was soluble in sodium c itra te  and the resulting solution 
was non-toxic to tissue culture. Later studies by Gartner (1967), Nupen 
(1970) and Poynter (1970) have reported recoveries of between 25 and 
100 per cent, in a variety of waters (Table 8 ). In a recent report 
Fattal et al. (1973) made a comparison between alginate membranes, two- 
phase separation, cellulose n itra te  membranes, aluminium hydroxide
Table 7
Recovery of viruses from water by aqueous polymer 
two phase separation
Water Volume
(lit re s )
% Recovery Reference
D istilled 0.65 37-98 Shuval et al., 1967
Tap 1.0 59-164 Oliver, 1970
Waste 1.0 -100 Nupen, 1970
Sewage effluent 1.0 35-100 Shuval et al., 1969
Table 8
Concentration of viruses from water in
alginate membranes
Water % Recovery Reference
( lit re s )
Tap 10 25-100 Gartner, 1967
Waste 1 -40 Nupen, 1971
Sewage 5 47 Fattal et al., 1973
Tap 5 101 Fattal et al., 1973
River 3 60-70 Poynter, 1970.
precipitation and gauze swab sampling for th e ir  capacity to concentrate 
viruses from tap-water and seeded sewage. Their results, which are 
summarised in Table 9, indicate that the alginate method proved more 
e ffic ie n t than the other four methods tested.
(5) Other quantitative methods
Anderson et al. (1967) described the application of continuous 
flow ultracentrifugation to the detection of viruses in water. His 
results indicated that 95 per cent, o f suspended poliovirus could be 
removed at a flow rate of 2-3 litres /h o u r. However, H ill et al. (1971) 
consider that this method does not hold much promise because u ltra ­
centrifuges are too costly for the small virological laboratory and that 
processing large volumes would be prohib itively time consuming.
Other methods for quantitative analysis of the virus content of 
water include pressure u ltra f ilt ra t io n  and osmotic u ltra f ilt ra t io n  
(Ellender and Sweet, 1972), forced flow electrophoresis (Bier e t al., 
1967) and adsorption to vegetable floes (Konowalchuk and Spiers, 1973). 
Neither the pressure f i l t ra t io n  or the osmotic u ltra f ilt ra t io n  methods 
have been given fie ld  tests and even in the laboratory studies the 
authors commented on problems such as s a lt leak and membrane compaction 
(Ellender and Sweet, 1972). The method of forced flow electrophoresis 
is s t i l l  in the developmental stage and, as yet is not applicable to 
monitoring of polluted water supplies (Bier et al. , 1967). The tech­
nique of adsorbing virus onto vegetable floe is essentially the same 
as the other adsorption methods except that, according to the authors, 
the floe is soluble at alkaline pH and that the solution is non-toxic 
to tissue culture (Konowalchuk and Spiers, 1973). In the laboratory 
recoveries were between 20 and 100 per cent, depending on the ra tio \ .. 
of vegetable floe to sample, though, as ye t, the method has not been 
given fie ld  tests.
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(b) Qualitative methods
Quantitative methods of virus concentration suffer the d istinct 
disadvantage that they can only provide information regarding the con­
tent of the water supply at the time of sampling and i f  virus release 
occurs in term ittently  the grab sample may provide an unrepresentative 
result. A method devised to capture infectious virions over a more 
prolonged period of time is the gauze swab. Cotton f i l le d  pads 
(Gravelle and Chin, 1961) are suspended in water for varying periods 
of time, usually up to several days. During this time the virus 
adsorbs to the fibres and the particles are subsequently eluted by wash­
ing the swab with d ilute sodium hydroxide. Berg (1966) presented data 
which demonstrated the superior qualitative  sensitiv ity  of the gauze 
pad over d irect inoculation of the sample onto tissue culture though 
no work has been done to determine whether a ll viruses adsorb equally 
or whether microbiological growth on the swab may inactivate adsorbed 
virus.
IV. Virus load in fresh surface water and sewage
Considerable information is available concerning the v ira l con­
tamination of sewage and polluted water courses. However, the early  
methods of detecting viruses in water were quantitatively questionable, 
though at the time they were the only ones available. Thus Coin et al. 
(1965) applying the swab method to the raw water supply to Paris found 
21 per cent, o f 1,156 samples positive for enteric virus. Sim ilar 
studies by Foliquet et al. (1966) of French communities along the Meurth 
and Moselle rivers revealed that enteric viruses were present in 9 per 
cent, of the r iv e r samples and 8 per cent, of the drinking water samples. 
Within the c ity  lim its  of Moscow, Bagdasar'yan (1968) reported that 36 
per cent, of 164 river samples were positive for enteric viruses, while 
sim ilar and higher proportions of positive results were reported by
Farrohi (1966) who observed that 38 and 68 per cent, of samples from 
two rivers flowing into lake Geneva were positive for enteric viruses. 
The Metropolitan Water Board (London, 1969) has established that 56 
per cent of fifte e n  water intake samples from the river Thames were 
positive for enteric viruses and that when the results were calculated 
to include reoviruses the level rose to 80 per cent. In the U.S.A. 
Metcalf and S tiles (1968a) found 27-52 per cent, of samples taken from 
polluted estuarine waters positive for enteric viruses and in Houston, 
Texas, Grinstein et al. (1970) had 100 per cent, isolation rate 
from a point 5 kms. below the nearest sewage o u tfa ll.
In an extensive study, involving a ll seasons of the year,
Shuval (1970) found wide variations in the number of viruses recovered 
from raw sewage (Table 10). The recoveries ranged from 5-11,184 PFU/L 
and average recoveries ranged from 480-1,677 PFU/L. Shuval also noticed 
no seasonal variation in this study but observed that higher average 
recoveries were obtained in communities of lower socio-economic levels 
(Katamon) than in those of higher socio-economic levels (Rassco).
From this and other studies (Grinstein et al.s 1970, and Grabow 
and Nupen, 1972) i t  can be seen that considerable fluctuation occurs 
in the virus content of raw sewage and that unless sewage treatment 
methods are e ffec tive , significant numbers of viruses may be discharged 
into the water courses.
V. Removal of viruses by sewage and water treatment procedures
(a) Sewage treatment
Various methods are employed in sewage.treatment including primary 
settling , tr ic k lin g  f i l te r s  and activated sludge. Primary se ttlin g , 
which constitutes the whole sewage treatment for many communities, is 
ineffective at removing viruses (Kollins, 1966). Clarke et al. (1961) 
detected a 0-3 per cent, reduction in t i t r e  of a r t i f ic ia l ly  added
poliovirus when raw sewage was allowed to settle  for three hours and 
29 per cent, reduction when the settling time was twenty-four hours 
(Table 11). Mack et al. (1962) examined influent and settled sewage 
and found that there was no reduction in the rate of virus isolations  
between the two stages.
All the studies into the efficiency of trick ling  f i l te r s  have 
been fie ld  observations which compared the percentage positive in fluent 
samples with effluent samples. Kelly and Sanderson (1959) reported no 
reduction across the f i l t e r ,  while another study (Kelly et al., 1961) 
indicated a 30 per cent, reduction. Shuval (1970), in a series of 
nine experiments on trick lin g  f i l t e r s ,  recovered from the effluents  
between 22-100 per cent, of the virus orig ina lly  present in the influents
The best studied method of sewage treatment is the activated sludge 
process. In continuous flow bench model laboratory studies, using 
a r t if ic ia l  sewage, 96-99 per cent, of coxsackievirus was removed 
after a retention period of 6-8.5 hours and 88-94 per cent, of poliovirus 
1 was removed a fte r  retention for 6-7.5 hours (Clarke et al., 1961,
Table 12). However, f ie ld  studies indicate that removal was in the 
order of 53-71 per cent, with a retention time of 2.75 hours (Berg, 1971) 
and England (Shuval, 1970) reported removals of 76-90 per cent, fo r polio 
virus 1, 2 and 3 (vaccine strains) that had been added to sewage. As to 
the mechanism of virus removal by activated sludge treatment, Clarke et 
al. (1961) considered that adsorption was the major factor. This is 
based on evidence that the removal follows a Freundlich isotherm and 
that aeration and suspended solid concentration are important. However, 
Kelly et al. (1961) considered the major factor to be biological as 
aeration with nitrogen, as opposed to a ir , prevented virus removal 
which they considered would not have been the case had the process been 
physical. Supporting this is evidence that at least four bacteria
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Table 11
Virus removal by primary sedimentation
Settling time
Lab. or f ie ld  
study
% virus removed* Reference
3 hours 
24 hours
lab.
lab.
f ie ld
fie ld
0-3
29
7
0
Clarke et al . ,  1961 
Clarke et al,y 1961 
Kelly et al,* 1961 
Mack et al, s 1962
*Expressed as the percentage difference between the 
number of positive in fluent samples and the number 
of positive e ffluen t samples.
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possessing a n ti-v ira l a c tiv ity  have been isolated from activated sludge 
(Kollins, 1966). This type of a n ti-v ira l a c tiv ity  is not, apparently, 
confined to activated sludge as there has been a report (Magnusson et 
al., 1967) of the an tiv ira l a c tiv ity  of a bacterium commonly found in 
sea water Vibrio marinus.
(b) Disinfection
In general, i t  may be desirable to disinfect sewage effluent 
and potable water in order to interrupt the distribution of faecal 
pathogens. The organism selected as representative of the success o r . 
otherwise o f disinfection of water in the United Kingdom is E. ooli, 
but whether or not this organism is a re liab le  indicator of the presence 
or absence of viruses is questionable. For instance, there is conclusive 
evidence that E. ooli is more sensitive to disinfection with chlorine 
than many of the enteroviruses (Robeck et al., 1962). These workers 
prepared inactivation curves for E. ooli, poliovirus 1, coxsackievirus 
A2 and adenovirus 3 and th e ir  results indicated that at 0-6°C the 
polio and coxsackieviruses tested were considerably more resistant to 
H0C1 than E. ooli and that the adenovirus was even more sensitive. Thus, 
HOC! at a concentration of 0.1 ppm destroyed 99 per cent. E. ooli in 99 
seconds, while at the same concentration 40 minutes were required to 
destroy 99 per cent, of coxsackievirus A2. A review of Russian dis­
infection research (Cerkinskij and Trahtman, 1972) showed that in a 
comparison of data on the inactivation of enteroviruses, coliphage and 
E. ooli, higher levels of residual chlorine and longer contact periods 
were required to free water from enteroviruses than to destroy E. ooli 
or coliphage.
In water of pH8.3 i t  was found that a residual of combined 
chlorine of 0 .4 -0.6  mg/1, in twenty minutes inactivated 95 per cent, of 
E. ooli and about 50 per cent, of poliovirus. Scarpino et al. (1972)
compared the ac tiv ity  of hypochlorous acid (HOC!) and hypochlorite ion 
0C1“) on the inactivation of poliovirus 1 and E. coli. At pH6 more 
than 95 per cent, of the chlorine present in water was in the form of 
H0C1 and th e ir results showed that at this pH at 5°C poliovirus 1 was 
about 130 times as resistant as E. ooli. Similar studies were made 
at pHIO where 99.7 per cent, of the free chlorine existed as 0C1" and 
under these conditions E. ooli was found to be approximately three 
times as resistant as poliovirus 1 and th e ir controls indicated that 
a lk a lin ity  ait pHIO did not in i ts e lf  have an inactivating effec t on 
the virus. However, these findings have been disputed in a recent 
report (Kott, 1974).
Iodination has also been shown to be more effective in destroy­
ing E. coli than enteroviruses. For instance, Berg et al. (1964) 
showed that 1 mg/1 of iodine destroyed 99 per cent, of E. ooli in one 
minute,while 99 per cent, inactivation of coxsackievirus A9 took 1,100 
minutes at the same concentration and temperature.
Ozone has been used in Europe as a.water disinfectant fo r more 
than f i f t y  years, though few comparative studies into its  e ffec t on 
viruses and bacteria have been made. Wuhrmann and Meyrath (1955) 
obtained a 99.9 per cent, inactivation of E. ooli in 40 seconds using 
a constant dose of 9 yg/L and Evison (1972), testing poliovirus 1, 
obtained the same inactivation at a dose of 90 yg/L in ten minutes.
Suchkov (1964) found coxsackievirus B3 to be less resistant 
than poliovirus 3 and Evison (1972) found the la tte r  to be more 
resistant than poliovirus types 1 and 2, coxsackievirus B5 and echo- 
virus 1.
(c) Water treatment
Very few c r it ic a l comparative studies have been made on water 
treatment processes other than disinfection. Berg (1966a), in a review
of the subject noted that chemical coagulation, sedimentation, f i l t r a ­
tion and pH are effective in the removal of substantial numbers of v ira l 
and bacterial populations. According to Geldrich and Clarke (1971), 
slow sand f i l t ra t io n  appears to remove both coliforms and viruses 
equally w ell, while rapid sand f i l t ra t io n  was less effective for 
viruses than fo r bacteria. However, no accurate picture of these methods 
can be drawn until careful laboratory and f ie ld  studies have been made.
From a ll the available data on the re la tive  resistance of 
viruses and coliforms to water supply treatment procedures i t  would 
appear that the enteric viruses are generally more resistant than the 
coliform bacteria. I t  can therefore be argued that until more informa­
tion has been obtained, the use of bacteria as indicators of v ira l 
pollution of water should be discouraged.
VI. Outline of the project
A surveillance programme for the v ira l content of water requires 
a long term qualitative as well as a quantitative assessment and i t  was 
decided to select and develop complementary methods for the study of 
river water.
Qualitative methods for virus isolations over extended periods of 
time have depended, in the past, on the use of the gauze swab which is 
known to be in e ffic ie n t. However, i t  was conceivable that a biological 
mechanism might provide a valuable system fo r this type of monitoring 
and for this study the mussel Dreissena polymorpha was selected because 
i t  was widely distributed, often in very large numbers, especially in 
pipes and aqueducts associated with water d istribution . I t  was 
considered necessary to study various factors influencing the accumulation 
of viruses by D . polymorpha; for instance temperature, concentration 
of virus, tu rb id ity  and laboratory storage.
The alginate membrane technique was chosen as the quantitative
method for monitoring the vira l levels in water because i t  appeared, 
unlike other concentration systems to be unaffected by protein-aqueous 
substances in the water, non toxic to viruses and tissue culture, 
capable of concentrating a ll viruses equally and inexpensive as well 
as re la tive ly  easy to manipulate. However, i t  was also necessary to 
examine factors influencing the function of the membrane, for example, 
virus concentration, pH, temperature, rate of flow and the volume of 
sodium c itra te  required for effective solution of the membrane.
Other necessary tests included the effect of freezing on the alginate 
virus solutions and the loss of virus during preliminary f i l t r a t io n .
The two methods described were used simultaneously in monitoring 
the rivers Thames and Lee for th e ir virus content in an attempt to 
provide a picture of the vira l spectrum and pollution levels.
PART I
INVESTIGATION OF THE ALGINATE TECHNIQUE 
MATERIALS AND METHODS
1. Viruses
The selected viruses were poliovirus 1 (Lsc2ab) coxsackievirus 
A9 and B1 and echovirus 1. The former was a specimen of the attenuated 
poliovirus vaccine (Wellcome Reagents Ltd.) and the la t te r  three were 
isolated from river water and identified  by the neutralization test 
at the Metropolitan Water Board laboratories.
Stock virus suspensions were prepared in VERO cell cultures 
(MacFarlane and Sommerville, 1969) by inoculating three day old confluent 
cultures with 105 plaque forming units (PFU)/ml. The cultures developed 
gross cytopathogenic effects a fter two to three days and the virus was 
harvested by subjecting the cultures to three successive periods of 
freezing and thawing followed by centrifugation at lOOOg fo r ten 
minutes. In some experiments the virus was used in this form (standard 
stock virus) but for other experiments the virus was c la r if ie d  by 
f i l t ra t io n  through a series of membrane f i l te r s  (f ilte re d  stock virus) 
(0.22y membrane (MiHipore GS) followed by a O.ly membrane (Mi 11ipore 
VC) and fin a lly  a 0.05y membrane (M illipore VM)). This procedure was 
designed in an attempt to minimize the size and number of v ira l aggregates. 
Suspensionsof stock virus were stored in bijou bottles (3 m l/bottle ) at . 
-30°C.
2. Cell production and storage
In a ll experiments the VERO continuous cell lin e  was used and the 
cultures were subcultured every seven days. Stock cultures were produced 
in 20oz medical f la t  bottles* by the aseptic addition of 40 ml of growth
*see a endix
medium* containing 105 cells/m l. After the cell sheet was confluent, 
usually at two to three days at 37°C, the medium was decanted and 40 ml 
maintenance medium* added. For subculture the maintenance medium was 
discarded and 20 ml of phosphate buffered saline* was used to wash the 
cell sheet. This was decanted and 15 ml trypsin versene* solution was 
added and allowed to remain in contact with the cell sheet for one 
minute a fte r which time approximately 10 ml was discarded and the 
bottle placed in an incubator at 37°C until the cells became detached 
from the glass. The cells were resuspended in 20 ml of growth medium 
and an aliquot counted in a haemocytometer chamber a fte r  staining with 
trypan blue*. Suffic ient growth medium was added to the cell suspen­
sion to produce a fin a l cell concentration of 106 cells/ml and this was 
used to prepare new stock cultures as well as 4oz medical f la t  bottles* 
when they were required for the plaque test.
For storage stock cultures of cells were subcultured a fte r  four 
days growth and were resuspended in 10 ml maintenance medium. The 
suspension was then centrifuged at lOOOg for ten minutes and the cells  
were resuspended in 5 ml freezing medium*. An aliquot of th is sample 
was stained with trypan blue and counted in a haemocytometer s lide . On 
the basis of the count a suspension of the cells was prepared to give a 
final concentration of 4 x 106 cells/ml and 0.5 ml portions of this  
suspension were placed in ampoules which were then sealed. The ampoules 
were slowly frozen to -80°C a fter equilibration at 4°C for one hour. The 
frozen ampoules were then stored in liquid  nitrogen. To recover the cells  
from the frozen state they were thawed in a water bath at 37°C. The 
contents of one ampoule were used to seed one 4oz bottle containing 
9.5 ml of growth medium at 37°C. The cells were allowed to equilibrate  
and attach to the glass for approximately four hours at 37°C then the 
medium was decanted and 10 ml fresh growth medium added.
*see appendix
3. Assay for v ira l in fe c tiv ity
Plaque assay
Monolayer cultures of VERO cells in 4oz bottles were used as 
soon as they were confluent which was normally by the th ird day and 
one day a fter the growth medium was replaced by maintenance medium.
The maintenance medium was discarded and the cell cultures carefully  
drained before inoculation of the test samples. Dilutions of the test 
samples were prepared in diluent* and 0.5 ml volumes were inoculated 
per bottle to provide at least four replicate tests per d ilu tio n . The 
bottles were carefully rocked to spread the sample over the whole cell 
sheet and a fter one and a half hours at room temperature 10 ml of overlay 
medium* was added. This was poured onto the surface of the glass not 
bearing the cell sheet and then the bottle was turned over so that the 
medium covered the ce lls . The bottles were immediately covered with 
a black cloth and when the overlay medium had gelled the cultures were 
incubated, in the dark at 37°C, with the monolayer surface inverted.
The cultures were examined every day fo r seven days and the plaques 
counted.
4. Serological characterization of viruses
Neutralizing serum was reconstituted according to the manufacturers 
recommendation* and 0.1 ml volumes of neutralizing serum were mixed with 
0.1 ml volumes of 10“2 and 10~5 dilutions of the appropriate virus. The . 
mixture was allowed to stand at room temperature for one and a h a lf hours 
before 0.1 ml volumes were inoculated into drained tissue culture tubes 
with confluent monolayers. The mixture was allowed to adsorb fo r fifte e n  
minutes after which time 0.9 ml of maintenance medium was added. The 
tubes were then bunged, incubated at 37°C, and examined daily fo r signs 
of cytopathogenic e ffec t.
At the Metropolitan Water Board i t  was only practicable to id en tify
*see appendix
polioviruses 1, 2 and 3 and coxsackieviruses B 1-6. Other virus 
identifications were done by the Central Public Health Laboratories, 
Colindale.
5. F iltra tio n  procedures
Pre-sterelized membranes (Sartorius 47mm catalogue No. 12710) 
were supported in autoclaved (121°C, fifteen  minutes) 47mm f i l t e r  holders 
(Sartorius plastic holder c a ta lo g u e d . SMI6510 or Gallenkamp metal 
holders catalogue No. FD300)
In a ll experiments except where contra-indicated the following 
procedure was followed.
(a) Laboratory tests . A sample volume of one l i t r e  of glass 
d is tille d  deionized water (pH 6 .2 -7 .0 ) was used, to which su ffic ien t 
virus was added to achieve a fin a l concentration of approximately
60 PFU /m l. After thorough mixing two 10.0 ml samples of the inoculated 
water were removed. One was immediately frozen at -30°C and the other 
was retained at the same temperature as the f il t ra t io n  experiment in 
order to determine whether any spontaneous inactivation occurred.
F iltra tio n  was at room temperature (23°C±2°C) in Sartorius p lastic  
f i l t e r  holders (Figure 1) under a vacuum level of 650-700mm mercury.
After f i l t ra t io n  was complete the alginate membrane was removed along 
with the support membrane and placed in a s te r ile  petri-d ish . The 
alginate membrane was dissolved in 4 ml s te rile  sodium c itra te * . A 
pipette was used to irr ig a te  the membrane to ensure complete solution 
before drawing o ff the dissolved membrane into a s te rile  receptacle.
The solution was stored at -30° until required for assay together with 
the second p re filtra tio n  sample. Samples of the f i l t r a te  were also set 
aside for assay.
(b) Field studies.
i )  River water samples. Three l i t r e  samples of r iv e r  water
*see appendix
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were subjected to a c larify ing f i l t ra t io n  through Oxoid (0.45y47mm) 
membranes which had been treated by soaking in Hartley's D ijest Broth*. 
The f i l t r a te  was then filte re d  through two alginate membranes, connected 
in p a ra lle l, and housed in Gallenkamp f i l t e r  holders (Figure 2 ). The 
holders were connected, via a reservoir, to a water pump vacuum supply 
which produced a vacuum of between 450 and 500mm mercury. F iltra tio n  
took about fifteen  to th irty  hours (1 ml/membrane/minute) and was 
carried out at 5°C to reduce the possib ility  of spontaneous inactivation  
of virus which might occur at ambient temperature.
i i )  Sewage samples. 500 ml or 1 l i t r e  samples of Redbridge 
sewage treatment works fina l effluent were prefiltered  and subsequently 
f ilte re d  through the membranes by the same method as the r ive r water 
samples.
RESULTS
Standardization o f f i l t ra t io n  technique
i ) The volume of sodium c itra te  required for optimal recovery of 
viruses from alginate membranes.
One l i t r e  volumes of sample (pH 6.8) were filte re d  through the 
membranes at room temperature and a vacuum level of 700mm mercury. A fter
f i l t ra t io n  was complete the membranes were transferred to s te r ile  petri 
dishes and dissolved in various volumes of sodium c itra te .
The minimum volume necessary to dissolve the membrane was 0.5 ml 
but use of this volume resulted in a very low recovery value, about one- 
th ird of that obtained with 4 ml (Table 13). This volume (4 ml) was 
selected as the standard volume for solution of the membranes because 
there was evidence that larger volumes resulted in less e ffic ie n t  
recovery. Furthermore, larger volumes decreased the concentration factor
*see appendix
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o f the f i l t r a t i o n  procedure.
Table 13
Influence of sodium c itra te  volume used to dissolve the membrane
Volume of 
sodium 
c itra te
In it ia l  virus* 
PFU/ml
Number of 
replicates
Mean % 
recovery
Standard
deviation
0.5 50 5 14.1 8.9
1.0 50 5 21.6 8.0
2.0 50 5 30.6 6.9
4.0 50 5 40.6 9.0
10.0 50 2 44.0 ■ -
16.0 50 2 , 20.0 -
*poliovirus type 1 (f ilte re d  stock)
i i ) The influence of temperature on the efficiency of f i l t r a t io n .
One l i t r e  volumes of sample (pH 6.6) were f ilte re d  through the 
membranes under a vacuum of 700mm mercury and at various temperatures. 
After f i l t ra t io n  the membranes were transferred to a s te r ile  petri dish 
and dissolved in 4 ml sodium c itra te .
The f i l te r s  appeared to be equally e ff ic ie n t at 4, 13 and 24°C 
for concentrating the virus from one l i t e r  volumes of the sample 
(Table 14). However, for large scale f i l t r a t io n  of river water samples 
a temperature of 4°C was recommended to minimize the possib ility  of 
spontaneous virus inactivation.
Out of the nine experiments, in only one case was there evidence 
for the presence of virus in the sample a fte r  u ltra f ilt ra t io n  and the 
amount detected was less than one per cent, of that in the original
sample.
Table 14
Temperature and f i l t ra t io n  efficiency
Temperature
°C
In it ia l  
vi rus 
PFU/ml*
Number of 
replicates
Mean % 
recovery
Standard
deviation
4 60 3 45 4.1
13 42 3 46 12.7
24 24 3 42 12.9
*poliovirus type 1 (f ilte re d  stock)
i 11) Influence of sample pH on recovery
One l i t r e  samples at d ifferen t pH were f ilte re d  through
alginate membranes at room temperature and a vacuum level of 700mm
mercury. After f i l t ra t io n  was complete the membranes were placed in
a s te rile  petri dish and dissolved in 4 ml sodium c itra te . The pH of
the sample was adjusted with IN hydrochloric acid and 0.1N sodium
hydroxide. Negligible fluctuations in pH were observed during the
course of the experiments, the pH of the f i l t r a te  being, in a ll cases, 
within 0.2 pH units of the in it ia l  pH.
Between pH 4.0 and 8.0 there was a 40-50 per cent, recovery of
virus (Table 15), but at pH 8.5 the structure of the membrane was so
altered that the passage of water was prevented.
Table 15
In fluence  o f pH on recovery
pH
In it ia l  virus 
PFU/ml*
Number of 
replicates
Mean % 
recovery
Standard
deviation
4.0 52 3 40.6 7.7
5.5 52 3 39.6 5.0
7.0 52 3 43.3 11.7
8.0 52 3 49.6 8.1
8.5 52 3 o ' -
*poliovirus type 1 (f ilte re d  stock)
iv ) The influence of virus concentration on recovery
One l i t r e  volumes of sample (pH 6 .2 -6 .5) containing virus concentra­
tions ranging from 1.8 x 104 to 1.62 x 107 were f ilte re d  through alginate  
membranes at room temperature and under a vacuum of 700mm mercury. After 
f i l t ra t io n  the membranes were dissolved in the usual manner. Lower concen­
trations of virus (8-8000 PFU/L) were tested in autoclaved c la r if ie d  rive r  
water and i t  is apparent from the results that the effic iency of the 
alginate membranes was not dependent on the concentration of virus (Table 
16).
Table 16
V irus  concen tra tion  and f i l t r a t i o n  e ff ic ie n c y
In it ia l virus* 
PFU/L
Water
Number of 
replicates
Average total 
PFU recovered
Mean % 
recovery
1.6 x 107 2 1.0 x 107 64
1.8 x 105 d is tille d 2 1.2 x 105 66
1.8 x 104 2 1.26 x 10^ 70
8.0 x 103
river
2 4.0 x 103 50
8 .0*1 2 4.0 50
*po!iovirus type 1 (f ilte re d  stock)
* xconcentration calculated from dilutions
v) The influence of vacuum on f i l t ra t io n  efficiency
One l i t r e  volumes of sample (pH 6 .2 -6 .6 ) were f il te re d  through 
alginate membranes at room temperature and under vacuum levels in the 
range 100-700mm mercury. The flow rate of the sample through the membrane 
varied from 1 ml/minute at 100mm mercury to eight times that value at 700mm 
mercury.
There was some evidence (table 17) that the degree of vacuum 
influenced recovery of viruses from alginate membranes with optimum 
recoveries at 400mm mercury.
i
Table 17
In flu e n ce  o f vacuum on recovery
Vacuum level 
(mm mercury)
Flow rate 
(ml/min)
In it ia l
PFU/ml*
Number of 
replicates
% recovery 
(mean)
Standard
deviation
100 1.0
ooi— 4 32.5 5.6
200 3.2 68 4 . 42.0 11.0
400 5.0 40 4 70.0 6.1
600 6.8 72 4 50.0 3.5
700 8.3 64 4 54.6 7.4
*poliovirus type 1 (f ilte re d  stock)
The application of alginate u ltra f ilt ra t io n  to d ifferen t enteroviruses 
One l i t r e  samples of water (pH 6 .3 -6 .7) containing poliovirus 1, 
coxsackievirus A9 and B5 and echo virus 1 were f ilte re d  through cilginate 
membranes at room temperature and under vacuum (700mm mercury). A fter 
f i l tra t io n  the membranes were removed to a s te rile  petri dish and dissolved 
in 4 ml sodium c itra te .
Although there was some apparent variation in recovery values for 
the d ifferent enteroviruses these were not so great as to represent 
significance (Table 18).
The f i l t r a t e  from one coxsackievirus A9 f i l t ra t io n  was found to 
contain viable virus but the concentration was less than two per cent, 
of the in it ia l  virus concentration.
Table 18
C oncentration o f d if fe re n t  en terov iruses
Virus
In it ia l
PFU/ml*
Number of 
replicates
% recovery
Mean Standard deviation
Polio 1 60.6 19 54 15.8
Cox A9 370 3 45.0 9.8
Echo 1 339 3 42.0 9.2
Cox B5 96 3 70.6 28.9
^filte red  stock
Recovery of virus a fte r f i l t ra t io n  of d ifferen t stock virus preparations
Samples of d is tille d  water (pH 6 .4 -6 .9) inoculated with standard stock 
or filte re d  stock virus suspensions were f ilte re d  through alginate membranes 
at room temperature and under vacuum of 650mm mercury. A fter f i l t r a t io n  the 
membranes were dissolved in 4 ml sodium c itra te  and frozen at -30°C until 
required for assay.
The mean percentage recovery with the standard stock is very high (Table 
19) but the standard deviation was considerable which was in contrast to the 
results for the f i lte re d  stock. Here recovery was lower but was fa r  more 
consistent.
Table 19
Recovery of d ifferen t virus preparations
Virus In it ia l Number of % recovery
preparation PFU/ml* replicates Mean Standard deviation
Standard
stock
40.6 12 94.7 68.19
Filtered
stock
45.0 16 48.8 5.887
*poliovirus type 1
Investigation of alginate efficiency
From the results obtained in the previous section i t  was apparent 
that the alginate f i l t ra t io n  technique although reproducible did not 
give recoveries of 100 per cent. However, i t  was demonstrated that the 
membrane successfully removed almost a ll the virus present in any sample 
as, only in very few cases, was virus found in the f i l t r a te  and then in 
concentrations never more than two per cent, of the in it ia l  virus t i t r e .
In an attempt to explain this loss of virus during alginate f i l t r a ­
tion the following experiments were undertaken: i )  the influence of
freezing on virus su riv iva l, i i )  examination of the support membrane fo r  
the presence of virus, i i i )  substitution' of the support membrane with a 
treated Oxoid membrane, i-v) f i l t ra t io n  of virus through the support 
membrane, v) preliminary f i l t ra t io n  of foetal c a lf serum through the 
alginate membrane, v i) to x ic ity  of alginate membranes,
i )  Influence of freezing on virus t i t r e
One l i t r e  samples were f ilte re d  through alginate membranes at room 
temperature and a vacuum level of 700mm mercury. After f i l t r a t io n  the 
membranes were placed in a s te r ile  petri dish and dissolved in 4 ml 
sodium c itra te . After thorough mixing the solution was divided into two 
equal portions one of which was titra te d  d irectly  and the other a fte r  
storage at -30°C. The same procedure was followed for the water sample. 
From the results i t  was apparent that the virus was less stable when frozen 
in the sodium c itra te  alginate solution than when d irectly  t it ra te d  and 
that freezing virus in water also reduced the t i t r e  though not to the 
same degree (Table 20).
Table 20
Influence of freezing on virus t i t r e
Test
In it ia l Number of % Recovery
PFU/ml* replicates Mean Standard deviation
Direct 
inoculation 162 3 62.2 17.74
Inoculation 
after freezing 129 3 35.7 6.92
*Poliovirus type 1 (f ilte re d  stock)
i i ) Examination of the alginate support membrane for the presence of virus
One l i t r e  samples of tap water seeded with virus (average 70PFU/ml) 
were filte re d  through alginate membranes at room temperature and a vacuum 
of 700mm mercury. The membrane was then placed in a s te r ile  petri dish 
and the alginate portion dissolved in 4 ml sodium c itra te . The support 
membrane was washed in s te r ile  d is tille d  water and then placed in 5 ml 
20 per cent, (v /v) foetal c a lf serum in water (pH 8). This was mechanically 
shaken for 20 minutes. The virus t i t r e  of the water sample alginate and 
support membranes, wash water and f i l t r a te  were determined.
Table 21
Examination of support membrane
Sample
% virus* recovered
Expt. 1 Expt. 2 Expt. 3
Alginate 30 42 41
Support wash 1.3 0.7 0
Support membrane 0.7 0.7 0.1
F iltra te 0 10 0
*poliovirus type 1 (f ilte re d  stock)
I t  was apparent that, provided the elution process was satisfactory, 
l i t t l e  virus passed through the alginate membranes except in the case 
of experiment 2 where 10 per cent, of the in it ia l  virus content was 
recovered in the f i l t r a te  (Table 21). This was most unusual and could 
have been due to the membrane having been badly positioned in the holder,
i i i ) Substitution of the alginate support membrane with an Oxoid membrane.
The alginate portions of the membranes were detached from th e ir  
support membranes by floating in d is tille d  water. The support membrane 
was then replaced with an Oxoid standard (0.45]i) membrane which had 
previously been soaked in Hartley's D ijest Broth. One l i t r e  samples of 
d is tille d  water seeded with virus were f ilte re d  through the membranes 
at room temperature and a vacuum of 700mm mercury. The f i l t r a te  was 
then filte re d  through another alginate membrane and both were dissolved 
in the usual manner.
Table 22 
Membrane substitution
Expt.
In it ia l
PFU/ml
% recovery
1st alginate 2nd alginate
1 156 35.4 0
2 156 48.7 0
3 156 67.7 0
4 156 46.0 0
The mean per cent, recovery a fte r primary f i l t ra t io n  was 49.4 per 
cent. However, no virus was found to be present in the f i l t r a te  even 
after the f i l t r a te  had been subjected to a secondary f i l t ra t io n  process 
(Table 22).
iv )F iltra tio n  of virus through the support membrane
r
Alginate membranes were placed in s te r ile  d is tille d  water and the 
alginate portion of the membrane floated o ff. The support membrane was 
then soaked in foetal c a lf serum before one l i t r e  samples of d is tille d  
water seeded with virus were filte re d  through the membrane at room temp­
erature. The vacuum level was reduced to 100mm mercury so that the flow 
rate through the membrane was comparable to that through an alginate 
membrane and the support membrane did not adsorb virus (Table 23).
Table 23
F iltra tio n  of virus through the support membrane
Expt. No.
In it ia l
PFU/ml*
Final
PFU/ml
% recovery
1 184 158 85.8
2 84 80 95.2
3 82 98 119
4 200 230 115
*standard stock poliovirus 1
mean per cent, recovery 103 per cent.
v )Influence of pretreatment,of alginate membranes on recovery
Alginate membranes were treated by passage of 4 ml of foetal c a lf  
serum through the membranes. One l i t r e  samples of d is tille d  water 
seeded with virus (average 66 PFU/ml) were then f ilte re d  in the usual
i
manner and the f i l t r a te  was then re filte re d  through a second alginate  
membrane in the usual manner.
The results of four replicate tests produced a mean per cent, 
recovery of 35 with standard deviation of 5.1 and in a ll four cases 
the f i l t r a te  was negative for virus either a fte r direct inoculation or
a f te r  a second a lg in a te  f i l t r a t i o n .
Influence of membrane type on c larify ing f i l t ra t io n
I t  was necessary in some cases to c la r ify  turbid water samples 
before subjecting them to f i l t ra t io n  through alginate membranes. To 
determine this e ffect three types of f i l t e r  (0.45p mean pore diameter) 
membranes were tested, Oxoid standard (cellulose acetate), Oxoid Nu-flo 
(cellulose acetate) and Gelman Metricel (cellulose n itra te ) .
Three l i t r e  volumes of Thames water (Laleham intake) were inoculated 
with su ffic ien t virus to give a final concentration of approximately 
100 PFU/ml. The virus was allowed to adsorb to particulate matter for 
seventeen hours at 5°C while the water was continuously s tirre d . One 
hundred m i l l i l i t r e  aliquots of the bulk sample were then f ilte re d  through 
each of the membranes and the water was sampled before and a fte r  each 
f i l t r a t io n . The membranes were used d irectly  or a fte r they had been 
soaked in Hartley's D ijest Broth.
In addition Oxoid standard membranes treated with Hartley's D ijest 
Broth were tested with five hundred m i l l i l i t r e  volumes of r iv e r water.
Treatment of the membranes did not increase the percentage of 
virus passing through the membrane (Table 24). However, the composition 
of the membrane did appear to be important. Thus cellulose acetate 
membranes allowed, on average, 79.3 per cent, of the virus to pass while 
cellulose n itra te  membranes only allowed 58.3 per cent, through. Further­
more, as great as five  hundred m i l l i l i t r e  volumes of water may be 
filte re d  through treated membranes without great loss of virus (Table 25). 
Recovery of virus from the River Thames and the River Lee by alginate  
u ltra f ilt ra t io n
Three l i t r e  samples of river water were c la rifie d  by f i l t r a t io n  
through 0.45y membranes before they were f ilte re d  through alginate  
membranes. The membranes were dissolved in 4 ml sodium c itra te  and 
stored at -20°C until required for assay.
Table 24
In fluence  o f membrane type and treatm ent on p r e f i l t r a t io n
Membrane Treatment
Number of 
replicates
Mean % 
recovery
Standard
deviation
Oxoid nil 4 83.0 27.6
standard soaked 4 81.0 9.6
Oxoid nil 4 75.7 2.7
Nu-flo soaked 4 77.7 8.3
Gelman nil 4 55.6 00 •
Metricel soaked 4 60.0 8.1
Average virus concentration 179 PFU/ml f ilte re d  stock poliovirus 
type 1.
Table 25
P re filtra tio n  of 500 ml volumes through treated 
Oxoid membranes
Expt. No.
PFU/ml* Percentage
Before f i l t r a t io n After f i l t ra t io n recovered
1 116 104 89.6
2 122 102 83.6
3 122 80 65.5
4 .110 98 89.0
* filte re d  stock poliovirus type 1
Average per cent, recovery 81.9
Very low levels of virus, as l i t t l e  as 0.3 PFU /litre , were 
recovered from some specimens (Figures 3 and 4 ). The types of virus 
which were isolated were generally sim ilar in both rivers although 
poliovirus 1, coxsackievirus B3 and echovirus 14 were only isolated  
from the River Thames. Furthermore, i t  was apparent from the results 
that the River Thames had a higher rate of virus pollution than the 
River Lee in that 72 per cent, of the samples were positive as compared 
with 36 per cent.
Another interesting feature was the seasonal variation in the 
rate and type of isolation in both rivers; the winter months provided 
the highest number and the highest t i t r e  of virus.
Recovery of virus from Redbridge sewage treatment works fin a l effluent 
by alginate f i l t ra t io n
500 ml or 1 l i t r e  samples of sewage e ffluent were processed in the 
same manner as the river water samples. Seventeen samples were concen­
trated and the numbers of virus recovered ranged from 22-104 PFU/L with 
a mean value of 59.6 PFU/L. Due to the large number of isolates no 
attempt was made to identify them.
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PART I I
INVESTIGATION OF THE FATE OF VIRUSES IN THE FRESH WATER 
MUSSEL ' DREISSENA POLYMORPHA
Dreissena polymorpha was f i r s t  noted in the United Kingdom in 
1824 when i t  was observed in Surrey Commercial Docks, London, and by 
1835 i t  had spread, probably by the canal system, to many parts of the 
country (Kew, 1893). Features of its  general anatomy suggest, according 
to Morton (1969 and 1969a), that the species evolved in the in te rtid a l or 
shallow sub-litoral regions of the sea.
For instance Morton (1969) suggests that the acquisition of osmo­
regulatory powers permitted the ancestors of the present day mussel to 
colonize estuaries, fresh waters at the heads of estuaries and eventually 
fresh waters themselves. The possession of free -liv in g  veliger larvae, 
an unique feature among fresh water bivalve molluscs (Meisenheimer, 1900) 
and the a b ility  to attach i ts e lf  by means of a byssus to areas normally 
unoccupied by other bivalve molluscs are important elements in the 
successful establishment of the mussel. Where i t  does occur i t  can do 
so in extremely large numbers, fo r example Wiktor (1963) quoted a figure  
of 114 x 103 /m2 and at the Metropolitan Water Board (London) Greenshields 
and Ridley (1957) found approximately 2,000 cubic yards of mussel per 
mile of th irty -s ix  inch water main.
Dreissena polymorpha as its  name suggests is highly variable in 
shape and size ranging from approximately 0 .4 -4 .5  cm and exhibiting a 
dull but well defined 'ze b ra '-lik e  pattern of brown and cream stripes. 
According to Morton (1969) i t  is ideally  suited to its  habitat. Incurving 
tentacles on the inhalent syphon provides preliminary screen fo r macro­
scopic particles and the c ilia ry  currents of the ctenidia are designed to
allow access to only the smallest particles to the selective sorting 
mechanism of the lab ial palps. The labial palps themselves are 
capable of dictating the quantities of particles entering the proximal 
oral groove while the mouth is capable of closure thereby preventing 
the intake of food in which case the strong c ilia ry  currents of the 
anterior parts of the visceral mass and mantle act as e ffic ie n t cleansing 
mechanisms.
In the stomach further sorting of the food occurs and rejected 
material is passed through the mid-gut and voided via the anal papilla  
in a matter of hours. Acceptable food m aterial, a fte r preliminary 
enzymatic digestion in the stomach, is passed to the digestive 
diverticula where i t  is phagocytosed. Material which has been phago- 
cytosed in the digestive tubules but which proves to be indigestible  
is conveyed via amoebocytes through the haemocoel to the pericardial 
gland for elimination via the excretory organs.
■MATERIALS AND METHODS
1. Virus
Standard stock poliovirus (see Part I )  was used.
2. Cell production and storage
Vero cells were used as described in Part I .
3. Assay for v ira l in fe c tiv ity
a) Plaque assay was carried out as described in Part I .
b) Quanta! assay in tube cultures. Cultures were prepared by 
inoculating 100 x 12 mm glass tubes* with 1.0 ml of cell suspension 
containing approximately 105.cells /m l. The tubes were sealed with 
silicone rubber bungs* and were placed at a slope of 5° at 37°C until 
a confluent monolayer appeared, which was usually two to three days
la te r . The growth medium was discarded and 0.1 ml inoculum, prepared 
as described for the plaque tes t, was added to each tube and at least 
five  replicate cultures were inoculated per dilution of sample. The 
cultures were incubated at a slope at room temperature for fiftee n  
minutes then 0.9 ml of maintenance medium was added. Incubation was 
continued at 37°C and the cultures were examined daily for the 
development of cytopathogenic e ffec t. From the number of cultures 
showing cytopathogenic effect the t i t r e  of the virus was calculated 
using the K&rber equation.
4. Selection of mussels and cultivation in the laboratory
Mussels were obtained from the aqueduct connecting Copper-Mills
Works to Lee-Bridge Works (Metropolitan Water Board). On arrival at 
the laboratory they were sorted and roughly cleansed. Live mussels were 
selected one to three centimetres in length and were placed in a fo rty  
l i t r e  polypropylene flow-through tank which was aerated and had a flow 
rate of approximately 100 ml/minute of tap water (Figure 5 ). The tank 
was placed in a constant temperature room held at 13°C.
5. Experimental procedures for virus studies in mussels
a) Mussel tissue culture. Live mussels were taken from the 
storage tank and shucked with a s te r ile  scalpel. The mussel meats were 
then cut up into small pieces, washed in phosphate buffered saline 
and disaggregated in one of two ways. Approximately 25 gm of cut 
mussel tissue was added to 100 ml of trypsin versene solution and this  
was stirred on a magnetic s t ir re r  at 23°C. Samples (15 ml) were taken 
at 10, 30, 50, and 90 minutes and these were centrifuged at 800 rpm 
for ten minutes. The precipitate was resuspended in one of the growth 
media*. In the second method approximately 25 gm of cut mussel meat 
was forced two or three times through a syringe (23 gauge needle) and 
the cells resuspended in one of the growth media, in both methods a 
count of viable cells was made in the usual way with trypan blue and
*see appendix
and the cell suspension was diluted to provide between 1.5 - 2.0 x 106 
cells/m l. Medical f la t  bottles (4 oz) were seeded with 10 ml of the 
suspension and a fte r four hours the medium was decanted and replaced 
with fresh medium. The cells were incubated at one of three tempera­
tures 4, 12 or 23°C.
b) Studies on the uptake of virus. Approximately one hundred 
mussels selected at random were placed in a glass tank containing 
twenty lit re s  of tap water aerated by means of a standard fish-tank  
diffuser. The tanks were placed in a constant temperature room held 
at 13°C. Before addition of the virus a sample of water and samples 
of mussels were taken and frozen at -30°C until required for assay.
The water was sampled immediately a fte r the addition of the virus and 
both water and mussels were sampled at various intervals during the 
experiment.
c) Studies on the elimination of virus. Samples of mussels 
were allowed to accumulate virus for twenty-four hours at 13°C before 
they were transferred to flow thorugh tanks (Figure 6) also held a t 13°C. 
Samples of mussels were taken at various intervals and processed in the 
usual manner.
d) Field experiments. Batches of approximately f i f t y  liv e  mussels 
were placed in a nylon covered wire cage (18 x 18 x 18 cm with 1 cm mesh) 
and suspended, by means of a chain approximately three feet below water 
level into either the intake channel from the River Thames at Laleham or. 
the intake channel from the River Lee at William Girling Reservoir.
After immersion (fourteen days September 1970 - March 1971 and 
three days March 1971 - October 1972) the cage was removed and the mussels 
transported back to the laboratory where they were processed in the 
standard manner.
In another series of experiments, run between June and August 1971,
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approximately one hundred and f i f t y  live  mussels were placed in cages 
and suspended in the River Thames at Laleham intake for three days 
and on receipt at the laboratory processed in the usual manner. However, 
as the volume of the ether extract varied between sixty and one hundred 
and twenty m ill i l i t re s  a secondary concentration stage was introduced 
in which the ether extract was f ilte re d  through an alginate membrane 
which was subsequently dissolved in sodium c itra te  as described in Part 
1. The solution was then inoculated onto tissue culture bottles at 
0.5 ml per bottle.
e) Mussel tank tu rb id ity  measurements. These were carried out 
by the Chemistry Department of the Metropolitan Water Board using the 
Hazometer technique (M.W.B., 1969).
6. Processing of mussel tissue
a) Total virus content. The mussel sample was washed three 
times in s te rile  d is tille d  water and then dried on a paper towel. The 
mussels were then shucked with a s te r ile  scalpel and the meats and liquors 
pooled. To this was added an equal volume of diluent and the sample
was homogenized either in a mortar and pestle (experiments 1-4 results) 
or in a micro-model mixer em ulsifier (SiIverson) while the sample was 
being held in an ice-bath (experiment 5 onwards). The homogenate was 
c la rified  by centrifugation at 1000 g for twenty-five minutes at 13°C.
The supernatant was removed and titra te d  d irectly  or stored at -30° 
until required for assay.
b) Selected site  of virus accumulation. Samples of ten mussels 
which had been in virus seeded tap water, at 13°C, for twenty-four 
hours were removed, washed three times in s te r ile  d is tille d  water, and 
dried on a paper towel. The mussels were then carefully dissected but 
due to th e ir small average size (2-3 cm) only the following regions 
were consistently recognized and tested i )  liquor, i i )  faecal material
( i f  any), i i i )  mantle, iv ) g ills  and v) gut. The dissected regions 
of the ten mussels were pooled and a ll except the liquor washed twice 
in d is tille d  water. All the samples were made up to 5 ml with diluent 
and were homogenized in a mixer em ulsifier (SiIverson) followed by an 
ether-extraction process. The aqueous phase was removed and either 
titra te d  d irec tly  or frozen at -30°C until required for assay,
c) Ether extraction procedure
i )  Laboratory experiments. Mussel extract preparations of 
dilutions up to 1 in 50 were more or less cytotoxic and an ether extrac­
tion process was introduced based on the method described by;Akin et al. 
(1966). A fter the homogenization of the tissue an equal volume of 
diethyl ether* was added to the homogenate and shaken vigorously for 
twenty minutes at room temperature. The mixture was then centrifuged 
fo r fiftee n  minutes at 1000 g at 13°C to e ffect separation into a 
bottom aqueous layer and an upper ether layer. The aqueous layer was 
removed using a pasteur pipette and was subjected to a vacuum to 
remove any traces of diethyl ether. After this stage i t  was either 
stored at -30°C or titra te d  immediately for virus content.
i i )  Field experiments. In the f ie ld  experiments the ether 
extraction procedure was modified. Approximately th ir ty  liv e  mussels 
were taken from the batch, washed twice in s te r ile  d is tille d  water, 
then crushed in a manual f r u i t  press. An equal volume of diethyl 
ether was added to the crushed mussels (including liquor) and the mixture 
was homogenized for two minutes at high speed in a mixer em ulsifier 
(Silverson) held in an ice bath. The resultant homogenate was centri­
fuged at 1000 g for twenty minutes at 13°C to e ffec t separation into  
three d istinct layers, the lower consisting of shell and tissue debris, 
the middle aqueous layer and the upper ether layer. The aqueous layer
*see appendix
was removed using a pasteur pipette and was treated in the same way 
as the laboratory experiments. r
RESULTS
Mussel tissue culture
Samples of mussels taken at several periods of development were 
disaggregated by physical or enzymatic treatment and incubated at 
three d ifferen t temperatures with a variety of media.
In a few attempts there was some evidence fo r growth of cells as 
opposed to mere survival and where growth was apparent the tissue was 
from mussels which were becoming sexually active.
The medium in which the mussels appeared to survive longest was 
medium 199, 10 per cent., Foetal ca lf serum, 20 per cent., Hepes 
buffer 25mM fin a l concentration, and p e n ic illin  and streptomycin and 
survival was also longer at the lowest incubation temperature 4°C with 
the cells dying more rapidly at 25°C than at 12°C. The cultures were 
unsuitable for studies on virus replications.
Concentration by mussels taken d irec tly  from the f ie ld  and a fte r storing 
in the laboratory
Batches of approximately one hundred liv e  mussels taken d irec tly  
from the Copper M ills aqueduct (M.W.B.) as well as equivalent batches of 
mussels which had been stored in the laboratory for three months were each 
placed in separate cages in a fo r ty - l i t re  tank of aerated tap water seeded 
with standard stock poliovirus 1 and held a t 13°C. Samples of water and 
mussels were removed at various intervals and assayed as described.
Both natural and a r t i f ic ia l ly  housed mussels concentrated virus in the 
same way and on the basis of.these results i t  was considered satisfactory
to use laboratory stored mussels for subsequent laboratory and fie ld  
tests (Table 26).
Table 26
Influence of storage on accumulation
Time a fte r  
inoculation 
(hours)
Virus t i t r e  16g10TCD50/ml
lab. mussel wild mussel water
.0 0 0 2.0
16 3.0 2.7 2.1
24 .3.1 3.0 1.9
48 2.7 2.4 1.3
R e lia b ility  of sampling procedure
Approximately one hundred and f i f t y  liv e  mussels were in a glass tank 
containing 20 lit re s  of aerated water inoculated with approximately 
3 Log-|QTCD(-Q standard stock poliovirus 1/ml. The tank was kept in a 
constant temperature room at 13°C. In order to ensure that the water and 
mussel samples taken during the experiments were representative three 
samples of five  mussels and three water samples of 10 ml were taken.
After examining the results (Table 27) i t  was fe l t  that one sample 
of five  mussels and one sample of water for each time interval would be 
su ffic ien tly  representative in future experiments.
Table 27
R e l ia b i l i t y  o f  sampling procedure
Time a fte r  
inoculation 
(hours)
Virus t i t r e  Log1QTCD50/ml
mussel water
0 * 0 3.5, 3 .1 , 3.3
1 1.9 , 1.9 , 1.1 3.2 , 3 .5 , 3.4
4 2.9 , 3.1, 3.3 3.1 , 3 .2 , 3.4
24 4 .3 , 3.5, 3.5 2 .9 , 2 .9 , 2.5
28 3.9, 3.6, 3.8 3.0 , 2 .4 , 2.7
48 3.5, 3.9, 3.5 1.9 , 2 .5 , 2.7
72 3.1, 3 .5 , 2.7 1.7 , 2 .1 , 1.7
Rate and degree of concentration of virus
Batches of approximately one hundred liv e  mussels were placed in 
a glass tank aerated by means of a fish tank d iffuser, kept in a constant 
temperature room at 13°C and inoculated with standard stock virus.
In five  replicate experiments (Figures 7a-e) the concentration of 
virus reached a maximum level between sixteen and fo rty -e igh t hours and 
then apparently declined s tr ic t ly  in parallel with the decline of viable 
virus in the feeding water. Throughout the whole period a fte r  maximum 
levels were reached the level of virus in the mussel was approximately 
ten fold greater than in an equivalent volume of the surrounding water, 
that is to say 1 gm of mussel contained ten times the amount of virus 
found in 1 ml of water.
In another experiment (Figure 7f) when viable virus was detected 
by the plaque assay as opposed to quanta! tube assay, maximum titre s  
of virus within the mussel were reached four hours a fte r exposure of the 
mussel to virus. However, although the general level of virus declined
Figure 7
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thereafter there was a secondary phase of accumulation of virus at 
approximately fo rty-eight hours.
Elimination of virus from the mussel.
Batches of mussels which had been exposed to virus for twenty- 
four hours were placed in a flow through tank system held at 13°C and 
the mussels were sampled at intervals and the virus assayed by the plaque 
test.
The loss of virus was fa ir ly  steady in two sim ilar tests (Figure 8) 
and was sim ilar to the fa lls  in values detected in water containing 
declining values of virus (see particu larly  Figure 7e).
The influence of inorganic or organic matter on the concentration of virus*
Batches of approximately one hundred live  mussels were placed in 
a glass tank aerated by means of a fish tank diffuser, kept in a constant 
temperature room at 13°C and inoculated with standard stock virus. The 
turb id ity  of the water was increased by the addition of e ither indian ink 
or Complan. Samples of mussels were taken at various intervals and assayed 
fo r virus. There was variation in the amount of virus accumulated associated 
with the type and degree of tu rb id ity  (Figure 9). A fter twenty-four hours 
in water of low tu rb id ity  (normal tap water 1.2 mg/L) a concentration of 
virus 8.4 times that of the water had occurred which was s im ilar to other 
findings using clean water. However in water of high organic (34 mg/1) 
or inorganic (32 mg/L) considerably lower concentration factors were 
recorded of two and six respectively.
The influence of temperature on the concentration of virus by the mussel.
Batches of mussels were placed in tanks containing aerated tap 
water seeded with standard stock poliovirus type 1. The experiments were 
incubated at three d ifferen t temperatures 4, 12 and 25°C and samples of 
water and mussels were taken at various intervals and assayed fo r virus.
At 4°C virus appeared to be accumulated and eliminated more slowly 
than at 12 and 25°C and at the higher temperature about twice as much virus
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accumulated in  the mussel (F igure  10).
Selected sites of accumulation of v irus.
Batches of mussels were placed in continuously aerated tap water 
seeded with standard stock poliovirus type 1 and the temperature kept 
constant at 13°C. Samples of mussels were removed at in tervals, dissected 
and selected regions examined for th e ir virus content. Samples of water 
were taken at the same time as the mussel sample.
Virus determinations carried out on mussels which had been accumulat 
ing virus for approximately twnety-four hours show that, apart from the 
liquor and mantle, the virus is present in the mussel at concentrations 
greater than that found in the surrounding water (Table 28). Also when 
mussels were allowed to accumulate virus over longer periods (Figure 11) 
i t  was apparent that, even a fte r ninety-six hours, the virus was present 
in selected sections of the mussel, apart from the liquor and deposit, at 
concentrations approximating that of the feeding water.
Table 28 
Site of virus accumulation
Sample
- Concentration factor
Average
Expt. 1 Expt. 2 Expt. 3
Mantle 3 0 2.3 1.8
G ills 5.5 0 5 3.5
Gut 19 4 6 9.6
Deposit 11 0 7.3 6.0
Liquor 0.3 NT* 1.2 0.5
*not tested
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Field experiments
Batches of approximately sixty mussels were placed in cages and 
suspended between one and two metres below the water surface at Laleham 
and William G irling intake channels from the Thames and Lee respectively. 
After immersion for varying periods of time they were collected. At the 
same time a sample of water was taken for alginate u ltra f ilt ra t io n  and 
both were processed in the usual manner.
In a ll cases the mussel samples proved negative while the alginate 
samples were positive 72.4 per cent, for the Thames and 36 per cent, for 
the Lee (Table 29).
Table 29
Field tests with the alginate and mussel techniques
Ri ver Method
Number of 
samples
% positive
Virus PFU/L 
(average)
Thames
Alginate 29 72.4 1.6
Mussel 28 0 ■“
Lee
Alginate 27 36 0.4
Mussel 27 0 *
In the second series of experiments (June-August 1971) the ether 
extract of approximately 150 mussels was f ilte re d  through an alginate  
membrane and dissolved membrane was inoculated on to tissue cu lture. In 
the ten experiments no viruses were detected though in two cases a non­
specific cytopathogenic e ffect was observed which was lost on passage.
DISCUSSION
In any discussion of concentration procedures for extracting 
viruses from water i t  is important to consider the parameters of that 
water and how they may affec t the concentration procedure. Parameters 
that could influence the choice and efficiency of a concentration procedure 
include temperature, pH, tu rb id ity , organic content, as well as the viruses 
that are present.
None of the reports on concentration procedures mention that 
temperature is of any significance though i t  is considered that increases 
in temperature normally produce increased chemical a c tiv ity  and therefore 
concentration procedures that depend on features such as chemical precip i­
tation should function more rapidly at elevated temperatures. In the range 
tested (4-24°C) the alginate technique functioned irrespective of tempera­
ture, as was to be expected of a purely physical concentration process. In 
contrast the mussel, a biological system, was s ign ificantly  affected by 
temperature and the concentration factor at 4°C was only 9.7 whereas at 
12 and 25°C i t  was much greater at 23 and 21.5 respectively. This was 
probably due to the fact that the mussel, which is poikilothermic, had 
a reduced basal metabolic rate at 4°C lowering its  food and oxygen 
requirements thus reducing the flow of water through the mussel and 
consequently the concentration factor. Also presumably due to the reduced 
ac tiv ity  the virus was lost less rapidly at 4°C than at the other two 
temperatures.
Temperature is also important when the concentration procedure is 
lik e ly  to take a considerable amount of time because at the more elevated 
temperatures there may be greater inactivation of any virus present in the 
water sample. Thus with the alginate technique, where i t  requires up to 
twenty-four hours for the processing of a three l i t r e  sample, i t  was found 
advisable to do the f i l t ra t io n  at 4°C.
For many concentration methods rigorous control of the sample pH 
was essential, but with the alginate method concentration efficiency was 
unaltered over the range of pH 4 to 8 but above pH 8 the structure of
the membrane was altered preventing the passage of water through the
membrane. However values as high as this did not normally occur as a ll 
the water samples tested had a pH below that which damaged the membrane.
In contrast for optimum adsorption of virus to cellulose n itra te  membranes 
the pH must fa l l  within the range pH 4 to 5 and elution of the virus is
then carried out between pH 8 to 10 (Wallis and Melnick, 1967a).
With the method for virus adsorption to polyelectrolytes pH was 
found more important for some viruses than for others. Thus although 
poliovirus type 1 was e ffec tive ly  recovered over the pH range 5 to 8.4  
(Walli s et al. , 1970) optimum recovery of bacteriophage T2 was greatest 
between pH 5.0 and 5.5 (Sorber et al., 1971). I t  is apparent th a t, in 
many cases, the choice of pH is arb itrary  and when pH has been found to 
influence virus recovery no explanation of the fact has been provided.
I t  may be that with crude virus preparations alteration of the pH affects  
the degree of aggregation of the virus which could produce an inaccurate 
impression of percentage recovery.
The turb id ity  of the sample is another factor which can influence 
the choice and efficiency of virus concentration procedures. The alginate  
method, which is a f i l t ra t io n  technique, is particu larly  sensitive to 
water tu rb id ity . In this case a preliminary f i l t ra t io n  stage is necessary 
and the results indicated that f i l t r a t io n  through cellulose acetate 
membranes successfully c la rifie d  the sample without removing the virus. 
Obviously in such cases virus may be adsorbed to the particulate matter 
consequently some virus w ill be retained on the p re f ilte r  but i t  is 
d if f ic u lt  to estimate what percentage. In the mussel experiments i t  
appeared that i t  was not the amount of tu rb id ity  that was important but 
the nature of the particulate matter. For instance, the concentration
factor fo r virus was sim ilar in the case of inorganic tu rb id ity  (six) 
to that obtained in waters of very low tu rb id ity  (eight) while with 
organic turb id ity  the concentration factor was sign ificantly  reduced (two). 
This was most probably due to the fact that the mussels' nutritional 
requirements were satisfied rapidly with the organic material and 
consequently the mussel stopped feeding. The membrane adsorption technique 
is also affected by tu rb id ity  because, as with the alginate method, the 
flow rate and volume of water that can pass through the membrane w ill be 
significantly  reduced with turbid samples. The techniques involving 
adsorption to polyelectrolytes, iron oxide and calcium hydrogen phosphate 
also have the ir efficiency reduced in the presence of particulate matter 
though, in a ll cases, the problem can be reduced by a preliminary f i l t r a ­
tion. The only techniques that function irrespective of the presence of 
particulate matter are the two phase separation method (Lund and Hedstrom, 
1966) and the hydroextraction method (O liver, 1967) as these involve no 
f i l t ra t io n  stage. The two phase separation method has been applied by 
Shuval (1970) to samples of raw settled sewage with no pretreatment which 
would be impossible for any of the concentration methods that required a 
f i l t ra t io n  stage. The hydroextraction method, in which the sample is 
placed in dialysis tubing and immersed in polyethylene glycol (lOOg in 
100 ml water/100 ml sample), is also re la tiv e ly  unaffected by the presence 
of particulate matter (O liver, 1967).
The organic content of the water sample can also influence certain  
concentration techniques. In the case of the mussel water with a high 
organic content may be highly nutritious which w ill act to depress the 
feeding ac tiv ity . The alginate method, in contrast, is not apparently 
affected by the organic content because pretreatment with foetal c a lf 
serum had no effect on vira l recovery. This was to be expected i f  i t  
is accepted that the method functioned as a physical f i l t ra t io n  system. 
However, the methods which involve the adsorption of virus to cellulose
membranes are affected by the presence of organic matter (Wallis and 
Melnick, 1967a) presumably due to competition for adsorption sites. In 
such cases the problem can to a certain extent be overcome by f i r s t  
passing the sample through a resin column (Dowex 1-X8) (Wallis and 
Melnick, 1967a) though according to some workers this was unsuccessful 
(Borneff,1970; Schafer, 1970). This contradiction*may have been due to 
the fact that the river water samples examined could have differed  
significan tly  in th e ir organic content.
An important consideration when examining any concentration 
procedure is its  re lative  efficiency in concentrating d ifferen t viruses 
equally w ell. With the four viruses tested, poliovirus 1, echovirus 1 
and coxsackieviruses A9 and B4, the alginate technique was reasonably 
consistent but this was not surprising since these viruses are very sim ilar 
in size and physical and chemical properties. Furthermore i t  could be . 
expected in a method involving a purely physical membrane that any partic le  
over a certain size would be retained. There is a considerable body of 
information that other concentration procedures vary in th e ir  efficiency  
with regard to the type of virus. Wallis and Melnick (1967) concentrated 
a number of d ifferen t viruses by adsorption to aluminium phosphate and 
aluminium hydroxide by the addition of preformed floes to virus contaminated 
aqueous suspensions or sewage effluents. They found that only acid sensitive 
viruses were concentrated on the aluminium phosphate flo e , e.g. herpesvirus, 
influenza and vaccinia. Wallis and Melnick also showed that the aluminium 
hydroxide floe concentrated a ll the viruses tested (herpes, pox, adeno, 
papova, myxo, entero, arbo and rhinoviruses) except for the reovirus 
though they do not attempt to explain this fac t.
Berg (1971) found that with the polyelectrolyte adsorption technique 
that recoveries depended on the test virus for example 51 per cent, of 
poliovirus type 1 was recovered as compared to 25 to 30 per cent, with 
echovirus type 7 and 14 to 31 with reovirus type 1.
Similar observations have been made with regard to the two phase 
concentration procedure. Grindrod and Oliver (1969) summarized th e ir  
results by stating that the two phase technique was found to be a 
significant aid in the concentration of a ll three polioviruses, and cox­
sackievirus B3, and worse than no treatment at a ll for the detection of 
coxsackievirus B2 and echovirus 6, that is to say i t  inactivated the virus. 
The adsorption to cellulose n itra te  membranes procedure appears, lik e  
the alginate technique, to concentrate a ll the viruses tested (reovirus 1, 
coxsackievirus B3, echovirus 7 and poliovirus 1) equally well (Berg, 1971).
A parameter of the water sample which is also important is the virus 
load of the sample as this w ill dictate the volume of sample that w ill be 
required to be processed in order to obtain virus. Concentrations of virus 
vary, depending on the water and the source from 10-100/ml to theoretically  
1/100 gal. I t  is obvious therefore that as some methods are capable of 
dealing only with small volumes (up to 2L), some with medium (up to 20L) 
and some with large volumes (up to 500L), selection of method w ill to a 
certain extent, depend on the expected virus t i t r e .
Methods which are, in practice, confined to reasonably small volumes 
are the two-phase separation method (Lund and Hedstrom, 1966) and the 
hydroextraction method (C liver, 1967). With the two-phase separation 
method th is is because i t  requires constant shaking in the in i t ia l  stages 
and with the hydroextraction method i t  is due to the fact that with 
increased sample volume greater quantities of polyethylene glycol are 
required and this becomes uneconomical with sample volumes in excess of 
a few l i t r e s . This therefore would make the above methods unsuitable for  
monitoring the virus content of re la tive ly  unpolluted rivers and stored 
and finished waters but suitable for monitoring sewage effluents and 
polluted rivers. The other features that recommend these methods fo r the 
monitoring of sewage effluent and polluted rivers is the fact that they 
are re la tive ly  unaffected by tu rb id ity . With methods such as the alg inate,
adsorption to cellulose n itra te  membranes, iron oxide, aluminium 
hydroxide and polyelectrolytes the volume of sample that can be 
processed is dependent on the diameter, therefore surface area, of the 
membrane used to adsorb the virus or virus absorbant. Using 47 mm diameter 
membranes the alginate method is normally only suitable fo r sample volumes 
of up to 20L (Poynter, pers. comm.), but i f  the membrane diameter is 
increased the lim it on the sample volume would also, of course, be 
increased but alginate membranes are expensive and cost would become an 
important consideration.
Related to the volume of sample required is the efficiency of the 
concentration procedure; i t  is obvious that i f  one method is twice as 
e ffic ie n t as another only half that sample volume w ill be needed to produce 
the same y ie ld  of virus.
In discussing the re lative  efficiency of the alginate procedure a 
fact that must be borne in mind is that the efficiency of a ll other 
concentration procedures has been estimated using standard stock virus 
suspensions rather than filte re d  stock suspensions. The standard stock - 
suspension is probably more representative of the actual state of viruses 
in natural water samples but, as was shown in this study, standard deviation 
calculations for f ilte re d  stock virus suspensions gave fa r  more reproducible 
results. This may be why the range of percentage recoveries in the 
experimental studies with the other concentration procedures are seen to 
vary such a great deal between d ifferent experiments and experimenters.
For example, with the adsorption to cellulose n itra te  membrane technique,. 
Oliver (1970) quotes recoveries from one l i t r e  samples of tap water varying 
from 26-90 per cent, and Rao and Labzoffsky (1969) recorded percentage 
recoveries ranging from 53 to greater than 100 per cent. Consistent 
recoveries of greater than 100 per cent, must indicate e ither an inaccurate 
t itra tio n  system or the fact that the virus is disaggregating and the 
la t te r  hypothesis is thought lik e ly  to be the most probable source of
error. In comparing the percentage recoveries of the alginate method 
(standard stock virus suspension) i t  can be seen that the method compares 
very favourably with a ll the other methods having an average recovery of 
94.7 per cent. As can be seen from the Introduction most of the other 
methods have quoted percentage recoveries in the same order. I f  however 
the alginate method is assessed on a more c r it ic a l basis by the use of 
a purer virus suspension i t  can be seen that not only the percentage 
recovery drops dramatically to 48.8 per cent, but also that the standard 
deviation is decreased from 68.19 to 5.887 indicating that the high 
recovery and standard deviation are due to the virus preparation rather 
than the concentration procedure. This is something which must be 
c r it ic a lly  considered when other concentration methods are described, 
especially those which involve forces that are lik e ly  to increase the 
possib ility  of virus disaggregation such as the modification to the 
adsorption to membranes technique described by Berg et dl. (1971) which 
involved elution of the virus by extensive sonication in three per cent, 
beef extract. I t  is true that Berg et dl. included controls in th e ir  
laboratory experiments but in f ie ld  tests where control samples are not 
possible inaccurate estimates of the number of infectious units present 
may be obtained due to the disaggregation of any virus clumps.
- The recovery of only 48.8 per cent, of the inoculated virus from 
alginate membranes through which f ilte re d  stock virus had been passed 
was disappointingly low. Certainly there was l i t t l e  evidence that virus 
went through the f i l t e r  since virus was found in the f i l t r a t e  in only 
very low concentrations. I t  was also shown that the virus was not present 
in the alginate support membrane and that the loss was not due to an 
irreversib le adsorption process because p re filtra tio n  of foetal c a lf  
serum, which would probably help to prevent th is , did not increase the 
rate of recovery. The only slight loss of virus which was detected was 
associated with storage of the sample a fte r  f i l t r a t io n .  Thus when the
membranes were dissolved and titra te d  immediately higher recoveries 
were obtained than when the sample was stored frozen.
The mussel technique cannot be d irectly  compared to such methods 
as the alginate because i t  is not a quantitative grab technique but a 
qualitative one. What can be said is that its  average concentration 
factor was in the region of ten. I t  has been shown, in the alginate 
f ie ld  tests, that the River Thames had an average virus content of 1.6 
PFU/L or 1PFU/625 ml and therefore to have a reasonable chance of 
detecting viruses in the river by the mussel concentration procedure at 
least 62.5 ml of mussel extract would have to be inoculated on to tissue 
culture and this is obviously impractical. I t  is thought, however, that 
the method may be of use in monitoring sewage treatment works ou tfa lls  
as these normally have a high virus load. Unfortunately no sewage tre a t­
ment works was easily accessible for the purpose of carrying out f ie ld  
t r ia ls .
The alginate technique, however, was successful in the f ie ld  tests 
in that i t  could be applied to sewage effluent and river water sample of 
three and one l i t r e  respectively detecting as l i t t l e  as 0.33 PFU/L. In 
the fie ld  tests i t  is obviously impossible to estimate the percentage 
recovery though in the laboratory experiments with seeded riv e r water 
(8 PFU/L) the percentage recovery was f i f t y  per cent. I t  must also be 
stressed here that a ll the experiments and fie ld  tests that were undertaken 
with the alginate method were done using 47mm diameter membranes. Had the 
larger diameter membranes (93 or 142mni) been used i t  would have been possibl 
to process larger samples.
As has been mentioned in the Introduction, the other concentration 
techniques have been applied to f ie ld  situations with variable success.
The only paper which compares the behaviour of a number of the techniques, 
adsorption to cellulose n itra te  membranes, alginate, aluminium hydroxide 
precipitation, two-phase separation and the gauze swab methods showed
that the alginate method was the most e ffic ie n t (Fattal et al.9 1973).
There are aspects of the laboratory experiments on the mussel which 
cannot be discussed in the context of other concentration procedures.
These include the attempts at the production of a mussel tissue culture 
and the s ite  of the virus accumulation in the mussel. I t  was unfortunate 
that i t  proved impossible to produce a mussel tissue culture as this  
would have provided a useful tool for the examination of the in te r­
relationship between the virus and the mussel in a controlled environment 
for example whether the virus m ultiplied in the cells or not. That the 
attempt fa iled  was perhaps not surprising since a ll the previous attempts 
at producing a tissue culture from molluscs have fa iled  (H i l l ,  1974, pers. 
comm.).
As to the s ite  of the virus accumulation in the mussel i t  is  
apparent that the virus succeeds in penetrating the whole mussel though 
i t  is present in the highest concentration in the gut and the faecal 
pellets. Research on the uptake of chemical pollutants by sh e llfish  also 
indicate that the major entry route is via the gut followed by gradual 
accumulation in other tissues (Roberts, 1975). I t  is worth noting here 
that, as the virus used in the experiments was standard stock virus, i t  
may well be that part of the concentration factor was due to the disaggrega­
tion of clumps of virus partic les , in the gut, by enzymatic processes.
This is known to happen in the estiiarine molluscs where the concentration 
factor with crude virus preparations is considerably higher than with 
purified virus preparations (Hoff and Becker, 1969).
In conclusion, therefore, i t  can be said that the alginate  
technique, although only f i f t y  per cent, e ffic ie n t, compares very 
favourably with the other concentration methods available fo r the detection 
of very low concentrations of viruses from polluted waters. For treated  
waters i t  does not have the capacity to f i l t e r  such large volumes of 
water and for very turbid samples which have a high virus concentration
i t  is probably better to use the two phase separation technique. Outside 
these situations, however, i t  recommends i ts e lf  for the sampling of water 
for the presence of viruses.
The mussel technique did not prove a success for the qualita tive  
monitoring of the virus content of river water though i t  may prove to 
be useful in the monitoring of sewage effluent. Nevertheless i t  was 
shown that the fresh water mussel behaves in a sim ilar fashion to the 
estuarine molluscs in that i t  does concentrate viruses from its  
environment.
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APPENDIX
Reagents
Media formulations 
Glassware
Reagents
a) Agar. (Difco purified) for s te riliza tio n  procedure see overlay 
medium.
b) A ntib iotics.
i )  Fungizone (Squibb and Son). Dissolve the contents of l v i a l  
(50,000 yg) in 100 ml s te r ile  d is tille d  water. Bottle in 20 ml 
quantities and store at -30°C.
i i )  Neomycin Sulphate (Glaxo) potency 712,000 yg/gm.
Make up stock solution in d is tille d  water of 10,000 yg/ml. S te r iliz e  
by f i l t ra t io n  through a G.S. membrane (M illipore) and store at 4°C.
i i i )  P en ic illin  and Streptomycin (Glaxo). Dissolve the contents 
of the ampoules in s te r ile  d is tille d  water to give fin a l concentrations 
of 40,000 units/ml for p e n ic illin  and 20,000 units/ml fo r streptomycin. 
Mix the two preparations together in equal volumes, bottle in 5 ml 
quantities and store at -30°C prior to use.
iv ) Polymyxin B (Glaxo). Dissolve su ffic ien t polymyxin B in 
d is tille d  water to give a fin a l concentration of 10,000 units/ml and 
f i l t e r ,  s te r iliz e  through a M illipore G.S. membrane. Bottle in 10 ml 
volumes and store at 4°C.
c) Buffers
i )  Sodium bicarbonate buffer
Sodium bicarbonate 4.4 gm
Phenol red 1.0 ml
D is tille d  water 99 ml
i )  Sodium bicarbonate buffer (cont'd)
After dissolving saturate with carbon dioxide, bottle in 10 ml 
quantities and s te r iliz e  by f i l t ra t io n  at 10 lbs for 10 min. Store 
at 4°C.
i i )  Hepes buffer (Flow). Stock strength 1M. Store at 4 C.
d) Dyes and stains
i )  Neutral Red (Gurr) in tra v ita l. To 100 ml of d is tille d  water 
add 1 gm of neutral red and a fte r dissolving s te r iliz e  by f i l t ra t io n  
through a M illipore G.S. membrane and store at 4°C.
Phenol Red (Gurr). To 100 ml of d is tille d  water add 0.1 gm 
phenol red. After dissolving s te r iliz e  by f i l t ra t io n  through a 
M illipore G. S. membrane and store at 4°C.
i i i )  Trypan Blue (Gurr). To 100 ml water add 0.4 gm Trypan blue 
and dissolve. S te rilize  by f i l t ra t io n  through M illipore G.S. membrane 
and store at 4°C.
e) Media concentrates. Ten times concentrated preparations of 199, 
Eagles MEM and Eagles BHK were obtained from Burroughs Wellcome Ltd.
f )  Miscellaneous Reagents.
i )  Diethyl ether (B.D.H.) Spectroscopic grade
i i )  Dimethyl sulphoxide (B.D.H.) Analar grade
i i i )  Foetal Calf Serum (Tissue Culture Services)
iv ) Hartley's P ijes t Broth (Oxoid)
v) Neutralizing serum. This was obtained from Burroughs Wellcome
Ltd. and reconstituted according to the manufacturer's 
recommendations,
v i) Phosphate Buffered Saline. All chemicals Analar grade.
A NaCl 8.0 gm
KC1 0.2 gm 
1.15 gm 
0.2 gm
Na2HP04
kh2po4
D is tilled  water 800 ml
v i) Phosphate Buffered Saline (cont'd)
B CaCl2 0.1 gm
D is tille d  water 100 ml
C MgCl2.6H20 0.1 gm
D is tilled  water 100 ml
Autoclave separately at 10 lbs for 10 minutes. Mix when cool and 
adjust pH to 7 .4 -7 .5 .
v i i )  Sodium c itra te  (B.D.H.) Analar. To 100 ml d is tille d  water add 
3.8 gm sodium c itra te  and upon solution bottle in 4 ml volumes. 
Autoclave at 10 lbs for 10 minutes and store a t 4°C. 
v i i i )  Trypsin (Difco Laboratories) 0.25 per cent, solution, 
ix ) Versene (Hopkins and Williams) Analar, sequestric acid, 
disodium s a lt,
g) Trypsin Versene
Trypsin (0.25 per cent.) 5 ml
Versene (1 per cent.) 0.4 ml
PBS (Solution A) 20 ml
S te r ilize  by f i l t ra t io n  through M illipore G.S. membrane.
Media formulations
a) Growth medium
199 10 ml
Foetal c a lf serum 5 ml
Sodium bicarbonate buffer 2.5 ml
P en ic illin  and streptomycin 1 ml
S te rile  d is tille d  demineralized water to 100 ml
b) Maintenance medi urn
199 10 ml
Foetal ca lf serum 2.5 ml
Sodium bicarbonate buffer 5 ml
P en ic illin  and streptomycin 1 ml
D is tille d  demineralized water (sterile) to 100 ml
c) Freeze medium
199 10 ml
Foetal c a lf serum 10 ml
Sodium bicarbonate buffer 2.5 ml
P en ic illin  and streptomycin 1 ml
Dimethyl sulphoxide 7.5 ml
S terile  d is tille d  demineralized water to 100 ml
d) Overlay medium
Solution A. Add 1.2 gm of agar to 50 ml of d is t ille d  
demineralized water and autoclave at 15 lbs fo r 15 minutes.
Allow to cool to approximately 50°C and place in a water batch
at 43°C.
Solution B.
199 10 ml
Foetal ca lf serum 2.5 ml
Sodium bicarbonate buffer 5 ml
P en ic illin  and streptomycin 1 ml
S te rile  d is tille d  demineralized water to 50 ml
Place in 43°C water bath.
Prior to use add B to A. Add 0.4 ml neutral red and extra antib iotics
when required*.
*To examine contaminated samples the following antib io tics were 
added at the stated volume: Fungizone, 0.7 ml, Neomycin sulphate, 0.7 ml 
polymyxinB, 1 ml.
e) Media for mussel tissue culture experiments. The media employed 
for the mussel tissue culture experiments were basically variations 
on the standard growth medium. The 199 was replaced in some tests 
with Eagles MEM or Eagles BHK and the foetal ca lf serum concentration 
was varied between 5 and 20 per cent. As the pH of the medium 
frequently tended to go alkaline in some experiments Hepes buffer 
was used (at a fin a l concentration of 25mM).
f )  Diluent. In a ll experiments the diluent was growth medium 
without foetal c a lf serum.
3. Glassware
The 4 and 20 oz bottles used in the experiments were obtained from 
United Glass Blowers Limited and were either used d irec tly  from the case or 
after they had been recycled. Bottles for the plaque tes t were very 
carefully recycled. The used bottles were autoclaved (10 lbs for 10 
minutes) and the agar discarded while s t i l l  molten. A fter being rinsed 
in tap water they were f i l le d  with Pyroneg solution ( 3 per cent w/v) and 
soaked overnight. The bottles were then washed twice in tap water and 
once in d is tille d  water before they were f i l le d  with inorganic detergent 
(sodium hexametaphosphate 10 g, sodium metasilicate 90 g and d is tille d  water 
to 1000 ml) and steamed for one hour. The inorganic detergent was discarded 
and the bottles washed twice in tap water and twice in d is t ille d  water. 
Before reuse the caps, which had been thoroughly washed, had th e ir  rubber 
liners removed and replaced with silicone rubber liners (Esco Rubber 
Limited). The bottles, once the caps had been replaced, were s te rilized  
at 160°C for one hour.
The tubes, which were obtained from Pyrex Glass Limited, were 
treated in the following manner. New tubes were rinsed in tap water and 
soaked overnight in Pyroneg. After th is they were rinsed twice with tap 
water and twice with d is tille d  water. Tubes for reuse were treated in a 
sim ilar manner except that they were brushed a fte r the Pyroneg stage to
remove any tissue culture debris. The bungs, which were obtained from 
Esco Rubber Limited were soaked in Pyroneg and rinsed twice in tap 
water and twice in d is tille d  water. Tubes and caps were s te rilize d  at 
160°C for one hour before use.
Virus Concentration by Means of 
Soluble Ultrafilters
S. F. B. P o y n t e r , H. H. J o n e s *  a n d  J. S. S l a d e
Thames Water Authority, New River Head Laboratories, 111 Rosebery 
Avenue, London EC1R 4TP, England
At present the hygienic quality of water is assessed chiefly by chemical and 
bacteriological standards. However surveillance of water for the presence 
of viral pathogens is now regarded as necessary because of conclusive 
evidence for the spread of viral infections via water supplies and swimming 
pools (Berg, 1967). Furthermore, the presence of viral pathogens has led 
to a review of the procedures for decontamination of water because treat­
ments designed for the removal of bacteria may not be adequate for the 
removal of viral pathogens (Clark et al., 1962). Effective monitoring of 
viral contaminants surviving decontamination procedures requires sensi­
tive methods for their isolation. Several methods have, been tried in lab­
oratory and field studies including ultracentrifugation (Anderson et al., 
1967), aqueous two-phase separation (Shuval et ah, 1967) and adsorption 
on to insoluble polyelectrolyte (Wallis et al., 1969). One of the most 
promising methods has been filtration through alginate membranes, first 
developed by Schyma (1960) from studies into carbohydrate-gel mem­
branes by Thiele and Schyma (1953). The use of these membranes for 
isolation of small viruses was first discussed by Gartner and Schnubrien 
(1964), and Witt (1964). Later Gartner (1967), Poynter (1970) and Nupen 
(1970) reported recoveries of between 25 and 100% of the input virus. 
However no detailed studies of the conditions for optimal functioning of 
these membranes have been published which may account in part for the 
fact that although they are quite efficient, other methods are still being 
sought (Hill et al., 1971) for the isolation of small numbers of virus from 
potable water supplies.
At the Metropolitan Water Board, alginate ultrafilters (Sartorius) have 
been used for a number of years (since 1964) for examination of sewage 
effluent and water samples from rivers, storage reservoirs and filtered
* Present address: T h e  D epartm ent o f  B iological Sciences, U n iversity  o f  Surrey, 
G uildford, England.
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chlorinated waters passing into supply and it is therefore timely to provide 
an assessment of the method and details of its operation. The commercial 
membranes are composed of a mixture of lanthanum and aluminium 
alginates stabilized with glycerol (Gartner, 1967). They are in-depth type 
filters capable of retaining viruses and are supplied sterile on cellulose 
ester support membranes. For use they are placed in a standard filter 
holder and positive or negative pressures can be applied. A rare and 
attractive feature is their solubility in isotonic sodium citrate (3-8% w/v) 
giving a solution which is non-toxic to tissue cultures.
Materials and Methods*
Filtration equipment
This consisted of a stainless steel pressure vessel (Sartorius), stainless 
steel, gamma filter units (Whatman) and Gallenkamp membrane filter 
apparatus (47 mm). The pressure vessel was sterilized by chlorination 
and the remaining equipment by autoclaving at 121°/15 min.
Virus
The virus used was an attenuated poliovirus I (Strain Lsc 2ab). Stock virus 
for filtration experiments was prepared in VERO cell cultures (Yasamura 
and Kawakita, 1963) by inoculating three-day-old confluent cultures with 
106 TCD50 virus. The virus was harvested after 3-4 d incubation at 37° 
by subjecting the culture to three successive periods of rapid freezing and 
thawing. The cell suspension was clarified by filtration through a 0-22 /x 
membrane (Millipore GS), a 0*1 jx membrane (Millipore VC) and a 0*05 [x 
membrane (Millipore VM). The object of the final membrane was to 
minimize the size and numbers of viral aggregates.
Cell culture
Growth medium. To  Medium ‘199’ (Burroughs Wellcome) was added 
foetal calf serum (5 %v/v Tissue Culture Services), bicarbonate-carbon 
dioxide buffer (0-1% v/v), penicillin (200 units/ml) and streptomycin 
(100 units /ml).
Maintenance medium. This was the same as growth medium except that 
the percentage of foetal calf serum was halved to 2-5 % and the bicarbon­
ate-carbon dioxide buffer concentration doubled to 0-2%.
Overlay medium. This was maintenance medium gelled with T2% (w/v) 
agar (Difco purified). Intra-vital neutral red (0-004% w/v) was added
*  T h e  addresses o f  suppliers are g iven  in  the A ppendix.
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prior to overlaying. In addition to penicillin and streptomycin, the follow­
ing antibiotics were added Neomycin sulphate (70 jag/ml), Polymyxin B 
(100 units/ml) and Fungizone (3*5 /xg/ml).
Stock cultures were grown in 20 oz glass bottles in growth medium. 
The growth medium was replaced by maintenance medium when the cell 
sheet was confluent, usually at day 3-4. Cultures for plaque assay were 
grown in 4 oz bottles and used at an early stage of confluent growth, 
usually day 3-4, having been changed from growth medium to maintenance 
medium a day previously.
Plaque assay. Confluent cultures were drained, the maintenance medium 
discarded, and the monolayer inoculated with 0-5 ml of the test sample of 
virus suspension. After 1*5 h at room temperature 10 ml of agar overlay 
medium was added and the cultures immediately covered by a black cloth. 
When the overlay medium had solidified the cultures were incubated in the 
dark at 37° with the monolayer surface inverted. Plaque counts were made 
at day 3 and each subsequent day until the maximum number of plaques 
appeared.
Filtration and Ultrafiltration of the Sample
Filtration
To avoid clogging of the alginate membrane, ultrafiltration must be pre­
ceded in the case of turbid waters by filtration through a filter or filters of 
suitable porosity, the choice of which is dependent on the nature of the 
water or other liquid to be tested. Virus loss by adsorption at this stage 
must be avoided by treating the membrane before use by the passage of a 
dilute protein solution such as 5 % foetal calf serum, broth or 1 % bovine 
albumen. Alternatively the filter may be soaked in the protein solution. 
In practice it was found convenient to remove membranes as required 
from half-strength Hartley’s digest broth kept sterile by simmering. It 
has been found that this treatment prevents any significant virus loss 
(see Table 1).
Relatively small samples of up to 3 1 may be filtered through Oxoid 
cellulose acetate membranes (47 mm diam) or some equivalent bacterial 
grade of cellulose ester membrane. The numbers of cellulose ester mem­
branes required will depend on the volume and turbidity of the sample 
and with very turbid samples prior filtration through a clarifying grade 
of membrane filter may be called for. In the case of River Thames 
water volumes of between 50 and 250 ml can be filtered through an 
Oxoid membrane before clogging necessitates the introduction of a new 
membrane.
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T a b l e  1. V irus recoveries before and after filtration th rough  ‘O xoid’ m em brane 
trea ted  w ith  H artley ’s D igest B roth
W ater
volume
P F U /m l before 
filtration
P F U /m l after 
filtration
T ap  water, 1000 m l 79 71
D istilled w ater, 1000 ml 65 52
T ap  water, 1000 ml 43 45
F i g . 1. Large volume filtration apparatus.
For large volumes of water (so far the largest volume tried is 20 1) 
Whatman gamma 30 filters were used. These again were treated by flush­
ing with neat Hartley’s digest broth prior to use. Two filter cartridges 
grade 30-80 (8 /x) and 30-03 (0-3 /x) were connected in line and the sample 
forced through under pressure at 5 lb in2 (see Fig. 1). No loss of virus 
was detected during this filtration stage (see Table 2).
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T a b l e  2. Filtration of 15 litres of River Thames water through treated Whatman
gamma 30 filters
Virus
PFU/ml
Bact. count/ml 
at 22°
Before filtration 30 15,000
26 12,000
After 1 litre 26 240
40
After 7 litres 36 200
42
After 14 litres 41 320
28
Filtrates derived from treating turbid waters can be ultrafiltered without 
further treatment and from this point the same procedures are followed as 
in the case of initially clean waters such as London tap water.
Ultrafiltration
The Gallenkamp filter apparatus may be used for ultrafiltration since the 
Sartorius alginate membranes have the same diameter as those used in the 
preceding stages. The base of the holder is connected via a waste water 
reservoir to a source of vacuum. When a number of filtrations are neces­
sary as many vacuum points as required can readily be provided by means 
of a manifold (Fig. 2). The manufacturers claim that the alginate mem­
branes are able to withstand negative pressures up to 700 mm mercury and 
this was borne out in practice. The filtration rate depended on the tur­
bidity and the degree of negative pressure applied and some typical 
results are shown in Table 3.
T a b l e  3. Negative pressure, turbidity and flow rate
Negative Flow rate through alginate
Water pressure
mmHg
membrane ml/min
Distilled 100 1
650 8
Tap 100 0-2
650 2-3
River 650 1
When ultrafiltration was completed the membrane was removed and 
dissolved and the receiver containing the filtrate was disinfected if neces­
sary.
S. F .  B .  P O Y N T E R  et Cll.
F i g . 2. Alginate ultrafiltration apparatus.
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Solution of the alginate membrane
The alginate filter with its support membrane was placed in a sterile petri- 
dish. To this was added at least 2 ml (see below) of sterile 3-8% (w/v) 
sodium citrate. A pipette was used to irrigate the alginate to ensure solu­
tion before drawing off the liquid into a sterile receptacle. Storage at 30°C 
did not affect the titre in the case of poliovirus type 1.
Efficiency
The factors studied in the assessment of the alginate method were the 
effect of pH in the range 4*5-8*5, the temperature in the range 4—25°, 
negative pressure in the range 100-700 mmHg, the input level of virus 
and the volume of sodium citrate used to dissolve the membrane. The 
results are given in Table 4. Continuing studies are investigating the same 
factors using other types of water and other viruses namely Coxsackie­
viruses A9 and B4, Echovirus 1 and Reovirus 1 and these results will be 
reported elsewhere.
It appears that recovery was affected by the volume of sodium citrate 
used, the optimal volume being between 4 and 10 ml. In practice 4 ml was 
normally used as a larger volume decreased the concentration factor and 
increased tissue culture requirements.
Recovery was also affected by the degree of negative pressure used, 
maximum recoveries being at 400 and 600 mmHg. There was no apparent 
effect of pH in the range 4*5-8 but above this pH a structural change took 
place in the membrane which allowed virus particles to pass through. 
Temperature and concentrations of input virus did not seem to affect 
recoveries in the ranges tested. Lower temperatures are recommended as 
this reduces the possibility of viral inactivation. In assessing the sensitivity 
of the alginate method the lowest level of virus tried was 8 PFU/litre and 
4 PFU/litre were recovered indicating that the method is indeed very 
sensitive. It must be stressed here that these results are all based on atten­
uated poliovirus 1 and other viruses may show different profiles.
The reason for the loss of a large percentage of the virus has been closely 
examined by several methods:
(a) Examination of the filtrate after alginate filtration showed that in 
the majority of cases no virus could be detected and the maximum 
detected was 6% of the input virus.
(b) No significant virus levels (<  1 %) could be detected by eluting 
the support membrane with foetal calf serum and no increase in titre 
in the filtrate was noted when the normal support membrane was 
replaced by a broth treated “Oxoid” membrane.
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(c) Treatment of the whole alginate membrane with Hartley’s digest 
broth, which had been shown to prevent adsorption of viruses on to 
celulose ester membranes, had no effect on recovery rates confirming 
that alginate membranes are in-depth physical limiting membranes. 
Further evidence comes from electron micrographs published by 
Gartner (1967) in which it can be seen that the membrane is in two 
layers and virus retention occurs at the interface.
Our observations show that under a fairly wide range of conditions 
the alginate membrane behaves in a moderately reproducible fashion. It 
was interesting to note that under the conditions tested we never recovered 
all the virus and although the loss of virus remains unexplained it was 
gratifying to note that the filtrate and support membrane remained 
relatively free of virus. This suggests that the virus was inactivated, formed 
an irreversible bond with the membrane components or perhaps formed 
stable aggregates which would result in decreased plaque forming activity. 
The evidence for improved yield dependent on volume of sodium citrate 
provides some support for the binding or aggregation phenomenon rather 
than inactivation. These results have been obtained with virus mono­
dispersed by successive filtrations, whereas the use of crude virus suspen­
sions such as exist in nature tend to give higher recoveries possibly due to 
disaggregation.
The method described has proved to be simple, effective and inexpen­
sive and gives results which compare favourably with other methods.
Appendix
Suppliers of equipment
Burroughs Wellcome-Wellcome Reagents Ltd., Beckenham, Kent.
Difco Laboratories, P.O. Box 14B, Central Avenue, East Molesey, Surrey. 
A. Gallenkamp & Co. Ltd., Technico House, 6 Christopher Street, 
London, EC2.
Millipore (U.K.) Ltd., Millipore House, Abbey Road, London, NW10. 
Oxoid Ltd., 20 Southwark Bridge Road, London, SE1.
Sartorius-V. A. Howe & Co. Ltd., 88 Peterborough Road, London, SW6. 
Tissue Culture Services Ltd.,. 10-12 Henry Road, Slough, Bucks.
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THE DISINFECTION OF WATER WITH SPECIAL 
REFERENCE TO VIRUSES
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S. F. B. POYNTER, J. S. SLADE AND H. H. JONES
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1. INTRODUCTION
Ideally the aim of disinfection of water supplies is to provide a water 
which is known to be completely free from pathogenic organisms. In order 
to achieve this objective it is necessary to consider not only the types of 
disinfectant which may be compatible with the exigencies of water 
treatment but also the nature of the organisms. The peculiar nature of the 
problem imposes strict limits on the type of disinfecting agent which may be 
utilized and in practice the triumphs of water treatment have been 
achieved by means of disinfectants which are in fact all oxidizing agents. 
Since it is unlikely that the present state of research in this field will lead to 
any rapid changes in the choice of disinfecting agents we propose to discuss 
chiefly those powerful oxidizing agents, ozone, the halogens, and some of 
their compounds.
The effect of varying conditions on the activity of the disinfectant has 
received much attention. Temperature, pH, ionic concentration, contact 
times, degree and kind of organic pollutants have all been extensively 
discussed, but little consideration has been given to the effect of these 
variables on the organism. Yet if the process of disinfection is to be 
regarded as a mutual interaction between the specific molecular form of the 
chemical agent and the organism, considered as a biochemical unit, then an 
understanding of the physical and chemical nature of the organism is 
required, particularly with regard to its surface or other areas of interaction 
with the chemical agent, along with information on changes in suscepti­
bility with the environmental conditions.
2. THE NATURE OF THE ORGANISMS
The pathogenic organisms which may occur in water together constitute 
a heterogeneous mixture, so that organisms entirely different in structure 
and constitution may be treated not only with the same disinfectant but 
with the same dose of that disinfectant. These pathogens belong to the 
following large groups, which in order of sensitivity to disinfectants are:
1. Bacteria e.g. Escherichia coli, Salmonella typhi
2. Viruses e.g. the Enteroviruses
3. Cysts e.g. Entamoeba histolytica
4. Bacterial spores e.g. Bacillus anthracis, Clostridium perfringens
2.1 The Bacterial Cell
Although bacterial species may differ in structure, the description of a 
typical bacterial cell will suffice here. Surrounded by a relatively thick 
. cell-wall the cytoplasmic membrane encloses the cytoplasm and nuclear
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material. The cytoplasm often contains various granules, fat globules and 
one or more vacuoles. The cytoplasmic membrane, which is a firm structure 
in the mature cell, constitutes a semi-permeable membrane. The much 
more rigid cell-wall is responsible for the form of the cell; when it is 
damaged the protoplasm usually disintegrates. Some species possess one or 
more flagellae which are locomotor organs. In some Klebsiella spp the cell- 
wall may be surrounded by a discrete slimy or gelatinous capsule, in others 
the cell-wall may be invested with slime or gum which is extracellular and 
poly-saccaride in nature. It is believed that respiration takes place on the 
surface of the cell, close to the cell-wall, so that the sensitive enzymes are 
exposed and vulnerable to disinfectants once these have diffused through 
the selectively permeable cell-wall.
2.2 Viruses
Viruses are the smallest biological structures known that embody all the 
information needed for their own reproduction. Enteroviruses have a 
relatively simple structure in which a protein shell surrounds and protects 
the centrally located nucleic acid, either ribonucleic acid (RNA) or 
deoxyribonucleic acid (DNA). Besides its protective function the shell may 
in some cases be a means of penetrating the walls of those living cells that 
the virus is capable of attacking. Vulnerable systems such as enzymes are 
lacking in viruses.
2.3 Protozoal Cysts
The cysts of Entamoeba histolytica are usually spherical structures with a 
protective wall about 1pm thick surrounding the four nuclei and cytoplasm 
and may range in size from 7 to 20pm. ^
The interest in the United Kingdom in their sensitivity to disinfection is 
probably confined to military and shipboard hygiene and from the point of 
view of the safety required should unprotected sources be used in an 
emergency.
2.4 Bacterial Spores
Spores resemble each other in their internal organization but differ in 
their outer envelopes. They are produced within the cells of Bacillus spp 
and Clostridium spp and few others, and appear to be a survival mechanism 
formed when the environment becomes depleted of the nutrients essential 
for continued vegetative growth.
The spore is surrounded by two membranes derived from the original 
invaginated cell membrane. Between the two membranes material is 
deposited to form the cortex, which shows several layers of concentric fibres 
in spores treated with acid which may either unmask or precipitate them. 
The inner membrane becomes the spore protoplasmic membrane inside 
which is the chromatin (nuclear material) and the cytoplasm, which 
becomes increasingly dense and featureless as the spore matures. There is 
evidence that the central core of the spore is a highly condensed and 
possibly anhydrous structure. The outer membrane merges into the inner 
component of the spore coat, which is a laminated structure. The inner 
spore coat probably consists of protein and lipid. The outer spore coat 
consists almost entirely of a homogeneous protein layer. Outside the spore
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coat an exosporium may be formed as a unit membrane.
Most of the DNA seents to be in the cytoplasm and the DNA may form 
a DNA - Ca - chelate with a variety of the amino-acids in proteins; this may 
be important in the thermal resistance of the spore. DNA together with 
spore peptides is located peripherally to the central viable core of the 
spore cell and thus will provide an impermeable waterproof barrier. The 
spore wall has surface lipids, which probably explains the hydrophobic 
character of the spore.
3. DISINFECTION OF WATER
The term ‘disinfection’ should be applied only to the destruction or 
removal of all organisms capable of giving rise ito infection. It is not 
' synonymous with ‘sterilization’ which should be restricted to the complete
destruction of all living matter.
There are indications that the priority given to chlorine as a water 
Ig disinfectant is being questioned in some quarters. Morris1 has ably
summarized the present position with regard to chlorination but has 
expressed some doubt as to whether chlorination will be able to maintain 
its pre-eminence as the most economical and effective method. The 
activity of a number of other disinfectants is being discussed in this 
Symposium. The use of ozone, chlorine’s most important rival in Britain, is: 
increasing because of its obvious advantages, while iodine seems to have 
much to recommend it. All three can rapidly generate virucidal conditions 
given the appropriate circumstances.
In an earlier communication one of us reviewed what at the time seemed 
the more reliable data available relating to some of the halogens, chiefly 
chlorine. Although Lund’s data2-10 were available at that time they were 
not considered because the practical utility of redox potential had yet to be 
established. However, since the use of redox potential appears to have 
many advantages for the monitoring of disinfection, it would be appro­
priate to present the conclusions provided by Lund and other workers on 
this subject.
4. DISINFECTION WITH CHLORINE
Very little new work on disinfection of viruses with chlorine seems to 
have been published in the last five years. Cerkinskij and Trahtman 11 
reported on the present state of research into the disinfection of drinking 
water in the USSR and briefly reviewed the research carried out there in 
the last few years. A recent development has been the production of 
chlorine on site, by electrolysis of sodium chloride, which has made it 
possible to eliminate the difficulties involved in transporting and storing 
large quantities of liquid chlorine. The main product of electrolysis is 
sodium hypochlorite and the redox potential of the products is in no way 
inferior to that of chlorine, suggesting that these products are effective 
bactericidal and virucidal agents.
The results of Russian experiments confirm previous results, showing a 
considerable difference between the effectiveness of free chlorine and of 
combined chlorine against Enterobacteriaceae and enteroviruses. A 
comparison of data on the inactivation of enteroviruses, E. coli and 
coliphage indicated that higher levels of residual chlorine and longer 
periods of contact are required to free water from viruses than to destroy 
either E. coli or coliphage. In water at pH 8.3 it was found that a residual
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of combined chlorine of 0.4 - 0.6 mg/1 in 20 mins inactivated 95 per cent 
E. coli, about 75 per cent coliphage and about 50 per cent poliovirus.
After a further 10 minutes inactivation of coliphage had increased to 85 
per cent while that of poliovirus had increased to 65 per cent. At the same 
pH but with a total residual chlorine of 0.5 - 0.8 mg/1, said to include 
“traces of free chlorine”, E. coli could not be detected after 20 mins, 
coliphage had been inactivated to the extent of 99 per cent and poliovirus to 
rather less than 90 per cent. After a further TO mins contact the coliphage 
could no longer be detected and the poliovirus inactivation attained 90 per 
cent. A further experiment utilized a total residual chlorine concentration 
of 0.9 -1.2 mg/1, of which free residual chlorine accounted for 0.1 - 0.5 mg/1:
In this case E. coli and coliphage could not be recovered after 1 min and 3 #
min, respectively, while poliovirus was inactivated to the extent of 95 per 
cent in 10 mins, 98.9 per cent in 20 mins and 99.6 per cent in 30 mins.
Initial concentrations of the organisms used in this experiment were not
given but were said to be “practically identical”. The conclusion that E. *
coli and coliphage cannot be regarded as reliable indicators for the
effectiveness of chlorine against enteroviruses has not gone unchallenged
in the USSR, however, and research on the problem is continuing.
One of the most recent and accurate studies of the inactivation of 
viruses in water by chlorine was carried out by Scarpino et aV2. A 
comparative study of Poliovirus 1 and E. coli was made, under 
rigorously controlled experimental conditions, to assess the destruction of 
these organisms in the presence of hypochlorous acid (HOC1) and, 
separately, of hypochlorite ion (OCP).
" At pH 6.0 more than 95 per cent of the chlorine is present as 
; hypochlorous acid. Data from six inactivation studies for Poliovirus and 
; five for E. coli were obtained with different concentrations of HOC1, in 
the same phosphate buffer system at the same pH 6.0 and temperature, 
i The data were plotted to show the relationship between the concentration 
of chlorine as HOC1 to the time in secs for 99 per cent inactivation of 
Poliovirus 1 and P. coli at pH 6 and 5°C. Poliovirus 1 was about 130 times 
more resistant than E. coli to H.OC1.
Similar studies were made at 5°C and pH 10. In these conditions 99.7 
• per cent of the free chlorine exists as OCl~j E. coli was found to be three 
times more resistant to OCl" than Poliovirus 1. Alkalinity at pH 10 was not 
found to have a detrimental effect on the virus, in these experiments.
However, as expected the hypochlorous acid was found to be about 50
times more effective than hypochlorite ion in destroying E. coli. ' J
5. DISINFECTION WITH IODINE
Iodine is highly reactive chemically and because of this is an effective 
germicide. Two of its outstanding characteristics are its lack of selectivity 
against different bacteria, all types being killed at about the same 
concentration, and its exclusively bactericidal, rather than bacteriostatic, 
action. Nevertheless, iodine has the lowest oxidation potential of all the 
halogens, is the least reactive with organic compounds, the least soluble in 
water and the feast hydrolyzed by it. According to Kinman et aV3 low 
residual concentrations of iodine should therefore be more stable and 
persist longer in the presence of organic pollutants than those of the 
other halogens.
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Kruse et d/14 regard the hydrated cationic H2OI+ as the active species 
of iodine. Although the concentration of this cationic form is small, as 
long as iodine is available and the iodine concentration minimal the 
cationic form is generated as it is consumed. The same authors point out 
that the rate of reaction of iodine:
I2 +  HzO ^  H20|I++1" (K= 1.2 x 10"11)
-was found to vary inversely as the square of the iodide concentration, so 
that should the iodide 0O concentration increase, even by small amounts, 
then the disinfecting power of iodine would fall off rapidly. The results 
given by Kruse et a l14 illustrate this.
The concentration of poliovirus exposed for 20 min to 0.08 mM iodine 
declined by less than 1 log step when the potassium iodide concentration 
was 10~2M, i.e. when the iodine had combined to the extent of about 95 
per cent with iodide to form the inactive tri-iodide. When, however, the 
iodide concentration lay between 10-4 -10-5M, i.e. when about 95 per cent 
of the iodine was present as I2, the viable poliovirus concentration 
decreased by practically 6 log steps in 20 mins. The results given by Kruse. 
et a/^showed that iodine inactivation of the Poliovirus type 1 used and of a 
bacterial virus varied as the cube of the iodide concentration.
Kinman et aV3 have shown that at pH 7.5 and 20 °C about 1 min was 
required to kill 1 x lO6#. coli per ml with an iodine dose of 0.55 mg/1 
elemental iodine. Under the same conditions 0.56 mg/1 free chlorine 
destroyed E. coli in 30 seconds. On an atom-to-atom basis there were 3.64 
times* as many molecules of chlorine as iodine. This means that almost 
four times as much chlorine gives an| E. coli kill only twice as fast* or 
calculated on an atom-to-atom basis iodine kills E. coli about twice as fast 
as chlorine.
Berg, Chang and Kabler15 had earlier demonstrated that enteroviruses 
are considerably more resistant than E. coli to elemental iodine and their 
data given by Clarke et al in 1962 were quoted by Poynter16. One mg/1 of 
iodine destroyed 99 per cent E. coli in about 1 minute but 99 per cent 
inactivation of Coxsackievirus A9 took 1100 niins at-the same temperature 
of 5°C. These workers thought that hypoiodous acid (HOI), resulting from 
the hydrolysis of iodine at pH values above 6.0, was a much more virucidai 
form than I2.
Kinman et a /13 have recently considered the advantages and dis­
advantages of using iodine as a water disinfectant and consider if to be as 
effective as chlorine for public supplies and to possess a number of 
advantages. Its use for the supplies of three state institutions in the U.S.A. 
is said to have demonstrated that iodine disinfection was without harmful 
physiological effects to those swimming in or drinking iodinated water. In 
1962 the U.S.P.H.S. tentatively approved the use of iodine for water 
disinfection, stipulating that the maximum concentration of iodine in all 
its forms should not exceed 5 mg/1.
6. DISINFECTION WITH OZONE
Ozone has been used for water treatment for a considerable time, mainly-
in Europe and especially in France where it has given satisfactory results for
over 50 years. However, very little information is available as to its effects on 
bacteria and even less on viruses.
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Among the main advantages of ozone when compared with chlorine are 
its power to remove tastes, odour and colour and its stability as a 
disinfecting agent over a comparatively wide pH range. Possibly its main 
disadvantage is a consequence of its ready decomposition, which leads to 
the lack of a residual dose in the distribution system.
Ozone is an extremely reactive oxidizing agent, readily breaking down in 
water at normal pH values to form oxygen and reacting with any oxidizable 
substances such as organic matter. This breakdown is catalysed by OH ions 
and by traces of organic matter. These oxidizable substances give rise to the 
ozone demand of the water and are generally more concentrated in poor 
quality waters. After the ozone demand is satisfied, a short-lived residual 
may be obtained, consisting of dissolved ozone and longer lived peroxides.
Several factors influence the germicidal power of ozone but the pH value 
of the water has little effect. Suchkov17 noted only a very slight variation 
over a pH range of 5.8 - 8.0 but at higher pH the efficiency is reduced, 
although not to the same extent as with chlorine. Temperature, however, 
has a marked effect on the efficiency of ozonation, mainly because of the 
reduced solubility of ozone at higher temperatures. Cerkinskij11, for 
example, states that “if the bactericidal dose of ozone at a temperature of 
4 - 6°C is unity, then the corresponding dose at a temperature of 18 - 21°C is 
1.6 and at 36 - 38°C is 3.2”. It is noteworthy that this effect is the reverse of 
cleansing processes which are essentially biological in nature, such as slow 
sand filtration. Turbidity.up to 5 mg/1 has a negligible effect but higher 
levels may cause a significant reduction in efficiency (Cerkinskij11).
The amount of ozone required to inactivate bacteria depends on several 
factors. Water quality, the number of organisms, the amount of ozone 
absorbed, time of exposure, and the presence or absence of an ozone 
residual are all relevant. Technical considerations as to methods of mixing 
of ozone with the water are also important but will not be considered here. 
However, it is necessary to differentiate between the dose of ozone actually 
absorbed by the water as opposed to that applied. Suchkov17 found that 
the ozone absorbed could vary from 20 to 95 per cent. Water quality has a 
marked effect, mainly because of the quantity of ozone required to satisfy 
the ozone demand. Once the demand is satisfied disinfection takes place 
very rapidly. Hann18 indicates that doses may vary from 0.5 to 1 mg/1 for a 
clear ground water to 2.5 to 5 mg/1 for filtered, heavily polluted, surface 
water. Cerkinskij11 found that for water without much colour, clarified by 
settling and filtration, the mean annual dose did not exceed 2.0 - 2.5 mg/1.
The ozone dose also increases with the number of bacteria to be killed. 
Suchkov17 found 'that an absorbed dose of 4 - 5 mg/1 was sufficient to 
inactivate 10 000 typhoid bacteria/1 but 7 mg/1 was needed for 100 000/1 
and 10 mg/1 to inactivate 1 000 000/1. He also noted that, compared with 
Salmonella typhi, E. coli was resistant to ozone and is therefore a suitable 
indicator organism for ozone disinfection of bacteria.
When comparing the effects of ozone and chlorine on is. coli, Ingols and 
Fetner19 found that with chlorine the percentage inactivation depended on 
the time of exposure and concentration. In the case of ozone, however, the 
results suggested that a minimum concentration was required to kill the 
bacteria. Lower concentrations had no effect but a slight excess caused 
rapid disinfection. Smith20 suggests that this all or nothing effect may be
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due to unsatisfied ozone demand in the apparatus and obtained a similar 
result by using a water with a small organic content. He also found that, 
using a demand-free system, 325pg/l of ozone produced a 99.9 per cent 
reduction in less than two seconds and concluded that the reaction was 
virtually complete in three seconds. It is important to read experimental 
results with some caution because in practice the infectious agent may be 
physically protected by particulate matter or by neighbouring organisms. 
Smith, for example, records that in work on the ozonation of sewage, 
bacteria in clumps resist disinfection.
Much of the available data for virus inactivation by ozone has been 
obtained with highly artificial systems which are not easily related to water 
treatment practice. Coin et a/21, however, found that inactivation of 
Poliovirus 1 was incomplete unless a residual greater than 0.3 mg/1 was 
obtained. More recent results by Evison22 show that 99.9 per cent 
inactivation of Poliovirus 1 occurred in ten minutes at a constant residual of 
I 0.1 mg/1 at 25°C. Suchkov17 found that during ozonation of enterovirus
suspensions containing 5 x 103 PFU/ml no reduction in numbers was 
obtained for the first five minutes until a residual was detected. Ozonation 
for a further ten minutes produced a 99.7 to 99.9 per cent reduction and a 
residual of 0.2 mg/1. It should be noted, however, that unless purified virus 
suspensions are used a considerable amount of organic material may be 
added to the water with the virus, and that concentrations of virus as high as 
this would not occur in nature. Because of this the doses of ozone used in 
these experiments are probably higher than would normally be needed in 
practice. It is apparent that while inactivation of both bacteria and viruses 
takes place to some extent before the ozone demand is satisfied, 
disinfection cannot be relied upon unless sufficient ozone is applied to give 
an ozone residual.
Very little evidence is available with regard to the relative resistance of 
viruses and bacteria to ozone but viruses appear to be considerably more 
resistant than vegetative bacteria. Wuhrmann and Meyrath23, using is. coli, 
obtained 99.9 per cent inactivation in 40 seconds at a constant dose of 
9pg/l. This result can be compared with that of Evison22, who, using 
attenuated Poliovirus 1, obtained the same inactivation at a dose of 90 pg/1 
in ten minutes. The relative resistance of different types and strains of 
enteroviruses is similarly untested. Suchkov17 found Coxsackievirus B3 to 
be less resistant than Poliovirus 3, and Evison22 also found the latter to be 
more resistant than Poliovirus types 1 and 2, Coxsackievirus B5 and Echo 
4 virus 1. No information is available on the resistance of the infectious
hepatitis agent but it appears to be a generally resistant organism and must 
be assumed to be at least as resistant as Poliovirus 3.
7. DISINFECTION WITH ULTRA VIOLET RADIATION
The application of UV to water disinfection has been used mainly in the 
field of sea-water disinfection for shellfish cleansing. UV was chosen 
because of the absence of residual effects in the irradiated water, thus 
avoiding damage to shellfish which occurs with chlorine disinfection24. The 
system in use is that of continuously flowing water passing over baffles, thus 
ensuring a small penetration depth during irradiation25.
The effect of certain factors on inactivation efficiency has been studied 
by various authors. Taylor et a/26, in assessing the use of UV for vaccine
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production, achieved a 6 logi0 reduction in titre of poliovirus after 
irradiating a 75/am film of virus suspension with 7 W incident light for 3 
seconds or 21 W for 1 second. However, if the film was reduced to 25/am 
depth a 6 logi0 reduction was achieved in 1 second with a 7 W incident 
irradiation. Hill et a/27, in estimating the effect of turbidity on irradiation 
efficiency, calculated that, if the turbidity increased from 70 to 240 mg/1, 
exposure time had to be doubled to achieve the same degree of 
disinfection (99.98 per cent reduction) using poliovirus. In another study 
Hill et a/28 examined the effect of UV on estuarine water suspensions of 
Poliovirus types 1 - 3, Echovirus types 1 and 2, Coxsackie A9 and B1 and 
Reovirus 1. The above viruses exhibited similar inactivation characteristics 
to Poliovirus 1, with the exception of Reovirus 1 and Coxsackie virus Bl. 
The greater resistance of the latter was attributed to the presence of 
aggregates. The authors concluded that UV was suitable for sterilization 
of sea water.
The mechanism of inactivation of viruses by UV involves rupturing the 
nucleic acid core, thus preventing replication though not the process of 
attachment to and penetration of a susceptible cell. The most effective 
wave length for nucleic acid rupture is in the region of 240 - 260 nm. 
However, UV irradiation is not, in certain circumstances, an irreversible 
process and reactivation of the virus particle may occur.
Examination of the current literature reveals that little or no virus 
analyses have been carried out on UV disinfection as employed in water 
supplies. Limited studies by Hoather29 and by Jepson30 on bacterial 
survival in working UV treatment plants indicate that from the bacterio­
logical standpoint UV disinfection may be effective and economical in 
small rural water supplies.
8. DISINFECTION WITH IONIZING RADIATIONS
The two practicable ionizing irradiation agents for water disinfection 
. are X-rays and gamma-rays, both of which are short wavelength, electro­
magnetic radiations possessing high penetration ability. The distinction 
between X-rays and gamma-rays is arbitrary, for X-rays can be generated in
powerful machines at energy levels matching or exceeding those of some 
gamma-rays31. Rjabcenko (quoted by Cerkinskij and Trahtman11), studying 
the rate of inactivation of various members of the Enterobacteriaceae, 
showed that It proceeded exponentially, 90 per cent of the bacteria being 
inactivated by relatively low doses of gamma radiation (10 000 - 15 000 
rads) while a further decrease required a substantially higher dose. In a 
comparison of inactivation rates of Poliovirus 1, Echovirus 7 and E. coli 
with gamma irradiation it was concluded that disinfection of water 
containing enteroviruses required a dose 2 - 3 times that required to 
disinfect water containing bacteria at a similar concentration71^ It has also 
been demonstrated that the disinfectant properties of gamma irradiation 
were not affected by the presence of ion impurities or salts producing water 
hardness. Neither was it affected by the degree of turbidity or colour, even 
when these were several times higher than that permitted in drinking 
water11. According to Chang32 disinfection of water with gamma 
irradiation would be practical if a cheap source were available.
9. DISCUSSION
Of all the faecally excreted viruses, those of the enterovirus group 
(Poliovirus, Coxsackievirus and Echovirus) must be considered the most 
important, since they are more resistant to free chlorine, ozone and iodine 
than the non-sporing bacteria. The agent of infectious hepatitis, since its 
resistance to disinfectants is largely unknown, must be regarded in the same 
light. The greater resistance of these viruses may be seen as the counterpart 
of their relative simplicity; when present in the environment outside the 
living cell metabolic activity is impossible. Because vulnerable systems such 
as respiratory enzymes are lacking they are therefore more resistant to 
disinfectants than bacteria.
■ Chang32 considers that virus inactivation is a direct process of de- 
naturation of the protein shell, not involving diffusion through a protective 
multi-layered wall as in the case of cysts or spores, and in this case the 
virucidal activity of halogens, halogen compounds and ozone is a function 
of the oxidizing power. In Chang’s view this explains why I2 is 2 to 3 times as 
cysticidal and 6 times as sporicidal as HOI, and HOI is at least 40 times as 
virucidal as I2. Further, the negatively charged surface of the viral protein  ^
(iso-electric point, - 4.7) serves to explain the lack of virucidal activity of J3 
ion. Denaturing protein is obviously more difficult than the destruction of 
sensitive enzymes, situated as these are on or close to the bacterial cell 
membrane.
Destruction of these bacterial enzymes by powerful oxidizing agents is so 
fast and extensive that it is very doubtful whether any of the affected 
bacteria can recover. According to Green and Stumpf33 the enzyme 
probably affected i$ triose phosphate dehydrogenase, essential for glucose 
metabolism and found in virtually all cells. Twenty-five years ago Fair e t ' 
al34 put forward the view that, although the presumed oxidation of the - SH 
groups of the enzyme provided an explanation for the extreme sensitivity of 
bacteria to chlorine, it could not be the complete explanation. When 
removed from the cell the enzymes were equally susceptible to attack by 
many other oxidizing agents, such as hydrogen peroxide and potassium 
permanganate, whereas chlorin; is markedly superior in its attack on intact 
cells. Laboratory studies made by Fair et al led them to the hypothesis that it 
was the rate of diffusion of the active agent through the cell wall which 
largely determines the rate of disinfection and the relative efficiency of the 
various disinfectants. Therefore, in the case of the molecule HOC1, it was its 
small size and its electrical neutrality which allowed it to pass readily 
through the cell membrane; it is this combined with its powerful oxidizing 
. activity that makes it a superior disinfectant.
With ozone the action on the bacterial cell seems to be different. Scott 
and Lesher 35 tested the hypothesis that the - SH groups were oxidized to S-S 
and found that the - SH concentration of E. coli was not decreased until 
leakage occurred or the cells were lysed. Ozone appeared to attack the cell 
surface and alter the ‘permeability of the wall and Scott and Lesher 
postulated that the primary attack of ozone was on the double bonds o f . 
unsaturated lipids in the cell membrane wall. Smith20 tested this hypothesis 
on is. coli and found after 60 secs exposure to ozone, when survival was less 
than one per cent, that the unsaturated fatty acids of the cell lipids were 
oxidized in the same time interval. The attack by ozone on the cell wall 
therefore results in a change in permeability and the resulting loss of cell
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contents would account for the death of the cell. Smith tested factors which. 
might affect susceptibility to ozone, such as age of the cell, temperature of 
growth and type of medium, as well as the possibility of differences between 
species, but in each case investigated there occurred unsaturdted fatty acids 
attacked by ozone. Support is lent to this view by the observation that the 
reaction between ozone and bacteria is not temperature dependent, at least 
within the range from 1° - 30dC, coupled with the fact that carbon to carbon 
double bonds can be oxidized by ozone very rapidly even at temperatures as 
low as - 70°C.  ^ .
In the case of iodine disinfection, according to Kruse^a/14, H2OI+ reacts 
first with the - SH groups of enzymatic proteins of amino-acids and the 
oxidation of the - SH is not materially retarded by iodide ion I- . Thus low pH 
should favour the reaction and this appears to be borne out by the powerful 
bactericidal action of iodine in waters of low pH. However, in the case of 
Poliovirus and bacterial virus, the most likely site of attack is not the - SH 
groups but tyrosine. Kruse7 et al point out that the rate of iodination of /
tyrosine decreases with increase in hydrogen ion concentration, and their 
results show that virus survival increases with hydrogen ion concentration.
Using a dosage of 0.04 mM iodine at 5°C, inactivation in 10 minutes of a 
bacterial virus was 4 log steps greater at pH 8.0 than at pH 4.0. Thus with 
iodine viral disinfection seems to be the antithesis of bacterial disinfection.
This result seems to have a remarkable parallel with the results obtained 
with chlorine by Scarpino et aP2, who explored the effect of pH and found 
-OCPion (pH 10.0) more virucidal than HOC1 (pH 6.0).
A number of workers have pointed out that the powerful oxidizing agents 
used in water treatment have disinfecting abilities which seem to be witli 
few exceptions a function of their oxidation potentials. In extensive 
;investigations by Lund2-10, a wide range of enteroviruses (Polioviruses T, ~2 
and 3, Adenoviruses 3 and 7, Coxsackieviruses A5 and B5 and Echovirus 9) 
were treated with a number of disinfecting agents. Those disinfectants 
included hypochlorite, chloramine T, permanganate, potassium chlorate, 
bromate and iodate and the heavy metal ions (Ag+ and Hg++). With all these 
chemicals Lund concluded that the disinfecting power of the resulting 
solution could be described in terms solely of the redox potential 
produced. Variations in disinfecting power caused by changes in pH also 
produced corresponding changes in redox potentials. Three substances 
however produced anomalous results. Hydrogen peroxide and formalin 
both lowered the potential and periodate had a lower disinfecting ability 
than expected. Lund concluded that the former two had an inactivation ~
mechanism that did not result in the overall oxidation of the virus.
Victorin et al36 reached similar conclusions when testing the effects of 
hypochlorite, monochloramine and chloramine T, amongst other chem­
icals, on E. coli. It must be noted, however, that in the above experiments 
the concentrations used are in excess of those normally employed for 
potable water.
The concept of using redox potential as a measure of disinfecting ability 
has its attractions, especially in situations when unknown quantities of 
various compounds are present, as often happens in practice. In these 
circumstances, the redox potential appears to be able to measure the overall 
disinfecting ability of the oxidizing agents present.
Carlson et a l37 report the successful use of a recording redox potentio-'
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meter for monitoring the chlorination of swimming bath water. The control 
by swimming bath personnel was facilitated, so that even with heavy 
bathing loads a hygienic water was guaranteed.
On the other hand, however, Morris1 thinks that the temptation to 
formulate a relationship between redox potential and disinfecting power 
should be resisted. In his view the idea is fundamentally unsound and can 
lead only to error or confusion when extrapolation is made beyond the range 
of limited, coincidental correlation used to proclaim the relationship. 
Relating germicidal activity to redox potential confuses a kinetic property 
with a thermodynamic quantity, and Morris argues that once the thermo­
dynamic possibility of a lethal reaction has been satisfied the germicidal 
activity is predominantly kinetic in nature, the redox potential being simply 
another way of expressing a thermodynamic free energy change. The lack 
of parallelism between heat or free energy of reaction and reactivity is 
probably more evident with oxidation reactions than with any other type.
Moreover, Morris38 maintains that it can be readily shown that extensive 
correlations between redox potential and germicidal activity are not valid 
and he gives the following examples. Although the germicidal activity of 
molecular HOC1 is observed not to change over the pH range 3 to 9, the 
oxidation potential changes by more than 0.3 volt. The strong oxidizing 
potentials of Mn04_, Mn3+ or H20 2 are not accompanied by great 
germicidal activities. Molecular iodine, I2, is about as active cysticidally as 
HOC1, although the redox potentials are very different; but I3“ with the 
same oxidation potential as I2 is much less germicidally active. Gaseous 
oxygen has a greater oxidation potential than many effective germicides. 
Morris concludes that superficial, theoretically unsound correlations can 
be no substitute for the detailed investigations required to elucidate the 
mechanisms of biocidal activity. Although the validity of Morris’s 
arguments may be admitted, it is felt that the correlations may be close 
enough in practice to justify further investigations of the utility of this 
concept.
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DISCUSSION
Mr. J. A . W hitehead (Liverpool Polytechnic) indicated that work on the nature o f the 
damage to, or the destruction of, sensitive enzymes in bacteria by disinfecting agents was 
currently being undertaken in his establishment. Reduction in the activity o f tryptophanase, 
the complete system of enzymes o f E. coli which catalysed the production o f indole from  
tryptophan, occurred in partially damaged survivor cells rescued after contact with 
disinfecting agents.
With chlorine, a 45% reduction in activity was noted, whilst with ozone and chlorine 
dioxide, the corresponding figures were 87% and 96%. With chlorine and ozone, the 
reduction in activity appeared to be a function o f concentration o f the disinfectant, whereas 
with chlorine dioxide an almost immediate reduction occurred, a concentration o f 1 mg/1 
producing a reduction o f  86%. As opposed to the findings o f  Green and Stum pf for triose 
phosphate dehydrogenase, the damage to the tryptophanase system was not irreversible. 
Over a period o f 21 days, activity levels were partially restored, reaching 60% o f  the original 
level. Wide variations on the effects o f disinfecting agents were noted with different strains 
o f E. coli. There was also evidence that disinfecting agents did affect the permeability o f  the 
cell wall, since mechanical disruption o f  bacterial cells caused an alteration in enzymatic 
activity.
Given the limitations o f most waterworks laboratories, would the authors agree that 
isolation o f small numbers o f enteroviruses from large volumes o f water posed difficult 
problems, but that the isolation o f coliphage was a less complex task?. Local surface waters 
were routinely examined for coliphage by adsorption on cellulose acetate membranes, 
followed by elution with nutrient broth. Early results did indicate correlation between 
coliphage and total bacterial counts. Kott had established that when coliphage were 
recovered from mains samples, enteroviruses could be recovered, but when coliphage were 
absent, no enteroviruses could be detected. Could the authors comment on the validity o f  the f 
suggested link between coliform bacteria and enteroviruses?.
Cerkinskij and Trahtman’s results should be interpreted with some caution since, from  
the data given, it was reasonable to assume that some 80% o f  the "traces o f  free chlorine” 
would be present as O Cl~, which Scarpino had shown to be highly reactive with animal 
viruses.
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Had the authors any additional information on the relatively high resistance to disinfec­
tion o f Pseudomonas spp  and their significance as indicators o f efficient disinfection o f  
viruses?
Mr. J. Gardiner (WPRL) wrote that H2O I+, which the authors thought might be 
responsible for the disinfecting action of iodine, was an unlikely chemical compound. Iodine 
in water produced hypoiodous acid, just as chlorine produced hypochlorous acid, and HOI 
could be the compound responsible for the disinfecting action. Being a small uncharged 
molecule, it could, like HOC1, penetrate cell walls. There was a large difference between 
chlorine and iodine in aqueous solution at pH 7-8, in that there was muclrmore HOC1 than 
CL, but much more I2 than HOI. The observation by Kruse that the rate o f reaction with 
iodine was inversely dependent on the square o f the iodide concentration, implied that HOI 
was many times more reactive than I2 itself, which was present in greater quantity. Chang’s 
results, mentioned in the discussion, seemed at variance with those o f Kruse.
AUTHORS’ REPLY TO DISCUSSION
Replying to Mr. Whitehead Dr. Poynter found the report o f recovery o f the tryptophanase 
system of enzymes of E. coli after contact with disinfecting agents o f considerable interest 
but it was difficult to comment usefully without more experimental details, particularly o f  
the conditions under which the bacteria were kept for the 21 days during which trypto­
phanase activity was partially restored. The occurrence o f partially damaged survivor cells 
suggested utilization of marginal dosages and contact times, which would be avoided in 
works treatment.
The practicability o f waterworks laboratories utilizing coliphages as indicators o f entero­
virus pollution was much more complicated than might appear. Insufficient knowledge was 
available on the relative survival o f bacterial viruses and enteroviruses in different types o f 
water and on the effect o f sewage treatment and water treatment procedures. However, a 
recent paper by Shah and M cCam ish1 indicated that f 2 coliphage was more resistant to 
chlorine than either T2 coliphage or poliovirus.
It was true that isolation of* small number o f enteroviruses from large volumes o f water 
posed difficult problems but these were well on the way to solution. The relative advantages 
and disadvantages o f isolating a coliphage or coliphages as opposed to enteroviruses could be 
summed up as follows:
1. The concentration procedures for bacteriophage and for enteroviruses were identical, 
with the possibility that ‘phages survived less well, because, for example, o f their greater 
sensitivity to pH changes.
2. The subsequent culture o f the virus was simpler and much more rapid for bacteriophage 
than for enteroviruses.
3. Identification of the virus was much easier for enteroviruses because commercially 
produced neutralizing sera were available, as well as the National Enterovirus Reference 
Laboratory at Colindale.
However, with increased knowledge it could become possible to utilize a suitable 
bacteriophage as an indicator o f virus removal in treatment procedures.
With regard to the validity o f  the positive correlation between enteroviruses and coliform  
bacteria, suggested by KottL much more data would be needed to counter the evidence 
suggesting that the contrary was true. Poynter4, for example, in a survey o f rivers over 
eighteen months fouftd 24 virus positive dip samples, with E. coli MPN ranging from 50 to 
17 000 per 100 ml, and 53 virus negative dip samples, with E. coli MPN ranging from 80 to 
16 000 per 100 ml. This strongly suggested a lack o f correlation. Furthermore, in another 
investigation which examined the ratios o f E. coli and virus PFU at the point o f effluent 
outfall into a stream and at points downstream o f the outfall, E. coli counts were found to 
decline more rapidly than virus PFU, the E. coli'. virus ratio declining from 16 000 : 1 in the 
effluent to 1 300 : 1 at a point 7.2 km downstream. O f the coliform group as a whole E. coli 
only was acceptable as a reliable indicator o f faecal pollution in this context. The brief 
summary given o f Kott’s work did not identify the type of coliform organism found in the 
four samples mentioned. O f these, only three were effectively examined for viruses and one 
was negative.
With reference to the Russian data, possibly the critical factor in Scarpino’s experiment 
was the high pH. Viral protein seemed to be capable o f surviving for a considerable time in 
river water at pH 8.0 without becoming denatured. At pH 10.0 however it seemed likely that
the protein would be under stress and probably extremely sensitive even to relatively feeble 
disinfectants such as -OCP. This could account for the change in relative resistance to 
chlorine o f poliovirus at pH 6.0 and pH 10.0 compared with TT. coli.
With reference to the relatively high resistance to chlorine o f  Pseudom onas spp, a survey 
at MWB was showing that Pseudom onas spp  capable o f growth at 22° were commonly 
encountered at sample points immediately after chlorination and that in the absence o f  
residual chlorine their numbers increased in the distribution system.
Replying to Mr. Gardiner the authors observed that the chemistry o f iodine in water 
appeared quite complex. Hypoiodous acid (HOI) was certainly present in iodine solution and 
had some disinfecting action, but the effect o f the iodide ion (I- ) in suppressing the 
disinfectant action of iodine in water was difficult to explain if  hypoiodous acid was 
responsible for most o f it. Kruse*"was dealiilg specifically with virus disinfection, so that the 
question of cell wall penetration did not arise. K ruse5 6  considered hydrated cationic iodine 
H2OH as the active species, o f which the formation was adversely affected by small 
concentrations o f iodide ion, as illustrated in the text. Kruse quoted other authorities for the" 
chemistry o f iodine in water ^8<9 . On the other hand, Chang10 dismissed unusual species, 
such as H2O I+, on the grounds that only a very small fraction of the titratable iodine existed 
in this form. There was a conflict o f opinion on this subject, implying that the mode o f action 
of iodine in water disinfection was still obscure. It was hoped that the presentation of some 
of the currently available data at the meeting might lead to some elucidation.
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